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Abstract 
 

Epigenetic alterations leading to abnormal gene expression affecting several signaling 

pathways have been widely implicated in life-threatening disease such as cancer. Histone 

deacetylases (HDACs), one of the key epigenetic enzymes were found to be potential target 

for cancer treatment. Histone deacetylase inhibitors (HDACis), are the drugs that inhibit 

HDAC isoforms, modulate the genetic aberrations by preventing the deacetylation on the 

lysine residues of the histone proteins. HDACs are found to be overexpressed in different 

cancers and thus targeting HDACs by HDACis have garnered attention of the researchers 

worldwide as a promising therapeutic strategy for cancer treatment. HDACis, act by 

implicating various biological processes of the cell such as cell cycle regulation, 

proliferation, apoptosis, metastasis and differentiation. In the past decade, numerous reports 

have been published identifying a number of HDACis that are explored preclinically and 

clinically as anticancer agents. So far, only six HDACis were clinically approved for the 

treatment of haematological malignancies. Most of the HDACis known so far are non-

selective towards various HDAC isoforms and this is one of the major limitations for the 

HDACis to be successful at the clinical level. The non-selectivity of the HDACis led to 

severe adverse effects, dose-limiting toxicities, off-target effects, poor bioavailability and 

therefore, poor clinical outcome. Therefore, the quest for identifying novel isoform 

selective HDACis is still an unmet need in the area of epigenetic drug discovery. Structural 

modifications over the canonical pharmacophore of the HDACis, were found to enhance 

potency and selectivity against different HDACs. In this direction, novel Zinc Binding 

Group, hydrazide has been identified to enhance the potency and selectivity towards class 

I HDACs. With this approach, we have designed and synthesized benzoyl and pyrazino 

hydrazide series of compounds and evaluated their biological evaluation in vitro and in 

vivo.   
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Firstly, we have designed and synthesized a series of small molecules with benzoyl 

hydrazide scaffold as ZBG including acetyl, aryl or aroyl cap group. Compound 4e, having 

the highest HDAC3 inhibitory potency (IC50 = 15.41 nM) and a minimum of 18-fold 

selective over other HDAC isoforms have been selected as the lead compound in the series. 

4e, exhibited potent and selective anticancer efficacy against different cancer cell lines over 

normal cell lines tested. The in vivo pharmacokinetic profile demonstrated good 

bioavailability of the compounds at 15 mg/kg and 25 mg/kg doses much lower than the 

corresponding hydroxamates and benzamides. Further, the in vivo anticancer efficacy in 

the 4T1-Luc tumor xenograft model has been evaluated. The western blot analysis has 

revealed the upregulation of Ac-H3K9, Ac-H4K12 both in vitro and in vivo suggesting the 

primary modulation effects of 4e as HDAC3 inhibitor. Further, our results demonstrated 

that treatment with 4e caused significant apoptosis, cell cycle arrest leading to its cytotoxic 

effects. The potential of 4e as cytotoxic, anti-proliferative with reduced metastatic potential 

has been evaluated. The in vivo treatment of female Balb/c mice implanted with 4T1-Luc 

tumors by 4e, demonstrated significant reduction in the tumor volume accompanied with 

no general toxicity in major organs during the treatment period. Therefore, compound 4e 

can be a promising inhibitor targeting HDAC3 with a significant antitumor activity that can 

be evaluated further in preclinical and clinical evaluation. 

Next, we have designed and discovered a series of novel pyrazino hydrazide based 

HDAC3 inhibitors as anticancer agents particularly against triple-negative breast cancer. 

4i, has been identified as the highly potent and selective HDAC3 inhibitor among the series 

of 20 small molecule that are designed and synthesized in this series. 4i has exhibited 

potency of 14 nM with at least 121-fold selectivity over HDAC1 and HDAC2. We also 

tested the compounds against different breast cancer cell lines and normal human cell lines 

for their cytotoxicity profile and the identified lead compound 4i has exhibited IC50 values 
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of 0.55 µM and 0.74 µM over 4T1 and MDA-MB-231 cells with a high degree of selectivity 

over normal cell lines. 4i when tested in oxaliplatin resistant MDA-MB-231 cells 

demonstrated chemosensitizing properties both by retaining its cytotoxicity in the resistant 

cell line as well by improving the cytotoxicity profile of oxaliplatin when treated in 

combination in the oxaliplatin resistant MDA-MB-231 cells. 4i was found to be 

metabolically stable when tested in rat liver microsomes and also displayed superior 

pharmacokinetic profile with about 7.2 h t1/2, which is much better than other hydroxamates 

and benzamides reported till date. We for the first time, tested the lead molecule 4i in vivo 

with a much lower frequency dosage regimen once in 3 days for 21 days treatment period 

and we observed excellent tumor volume reduction with no general toxicity in major organs 

of the mice. With about 97.92% tumor inhibition growth rate percentage, 4i treatment in 

the female Balb/c mice implanted with 4T1-Luc tumors, demonstrated excellent antitumor 

properties in vivo. The western blot analysis has evidenced the upregulation of the histone 

biomarkers Ac-H3K9, Ac-H4K12 and Ac-H3K27 in vivo indicating the HDAC3 selectivity 

of the compound 4i. Further, the mechanism of cell death via apoptosis, and cell cycle phase 

arrest at G2/M phase was evaluated through the biomarker analysis with isolated tumor 

tissues of 4i treated mice. The analysis of the tumor tissues by immunoblotting displayed 

the upregulation of apoptotic proteins caspase-3, caspase-7, cytochrome c and the 

downregulation of proliferation markers BCL2, CD44, EGFR, and Ki-67.  

Altogether, the detailed study of the novel ZBG, hydrazide containing series of 

compounds as HDAC3 selective inhibitors, with demonstrated efficacy both in vitro and in 

vivo anticancer systems might provide significant insights in designing newer druggable 

small molecules with improved potency and selectivity to be developed as anticancer 

therapeutics in future. 
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(SEM); ***p < 0.001 significantly different from the control group. 

Figure 4.10. Caspase3/7 activation levels of 4i and UF010 in 4T1 cells compared to 

control. Compound treatment shows significant difference from control 

indicates increased apoptosis in cells. Significance was analyzed using 

one-way ANOVA analysis and the graphs were plotted in GraphPad 

Prism™ version 8.0.1. Data represents mean ± SD (n=2); ***p < 0.001, 

significantly different from the control group. 

157 

Figure 4.11. Different cultures of MDA-MB-231 and 4T1 cells were treated with the 

in vitro IC50 concentrations of UF010 and 4i in the respective cell lines 

along with control for 72 h. (A) Annexin V/PI apoptosis assay by flow 

cytometer (BD Aria III) ® (where X and Y-axis represent the intensities 

of annexin V and propidium iodide respectively); (B) Graph representing 

the percentage of the total apoptotic population in MDA-MB-231 and 4T1 

cells; (C) Cell cycle analysis by Flow cytometer (BD Aria III) ®; (D) 

Graph representing the percentage of cell population at different phases 

of the cell cycle in MDA-MB-231 and 4T1 cells. The data was analysed 

using Flow Jo software and the graphs were plotted using GraphPad 

Prism™ version 8.0.1.  

159 

Figure 4.12. Different cultures of MDA-MB-231 and 4T1 cells were treated with the 

in vitro IC50 concentrations of UF010 and 4i in the respective cell lines 

along with control for 72 h. Analysis of nuclear morphology by nuclear 

staining experiment in (A) MDA-MB-231 and (B) 4T1 cells using the 

staining solutions of DAPI and Acridine Orange after the treatment 

period. NF represents nuclear fragmentation and CS represents cell 

shrinkage. A fluorescence microscope (Leica microsystems, Germany) on 

20x Magnification was used for the visualization of the stained nuclei.  

160 

Figure 4.13 Different cultures of 4T1 cells were treated with three different 

concentrations including the IC50 concentration of UF010 and 4i along 

with control (no treatment) for 72 h. (A) Annexin V/PI apoptosis assay by 

flow cytometer (BD Aria III) ® (where X and Y-axis represent the 

intensities of annexin V and propidium iodide respectively); (B) Graph 
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WT,t – WT,0

WC,t – WC,0
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to obtain the images and the quantification was carried out using Image J 
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1.1. Epigenetics 

“Epigenetics” was born in early 1940s and historically, it describes the events that 

could not be explained by genetic principles. The word epigenetics was first coined by 

Conrad Waddington in 1942 and he defined epigenetics as “the branch of biology which 

studies the causal interactions between genes and their products, that bring the phenotype 

into being” (Jablonka and Lamb, 2002). Since then, several biological phenomena have 

been included into the category of epigenetics. Much later in 1996, Riggs and colleagues 

defined epigenetics as “the study of mitotically and/or meiotically heritable changes in gene 

function that cannot be explained by changes in the DNA sequence” (Goldberg et al., 2007). 

Altogether, epigenetics is defined as the changes in the genetic code without changes in the 

DNA sequence. The term “Epi-” means on or above in Greek and therefore epigenetics is 

described as the factors above the genetic code (Dupont et al., 2009). More often, these 

epigenetic changes describe the way our genes work, caused by the changes in the lifestyle 

and environment around us and are reversible as they do not affect the underlying DNA 

sequence but influence the way the DNA is encoded. Epigenetic changes are known to 

regulate the gene expression and they are governed by the modifications that are attached 

to the DNA (Biel et al., 2005). These alterations in the gene expression influence the 

production of proteins in the cells. The transfer of genetic information includes various 

stages such as transcription, translation and subsequent protein modification leading to the 

required protein production. Each cell differs in its function due to the differences in their 

respective gene expression and thus the regulation of gene expression is the fundamental 

process of differentiation and development (Quina et al., 2006). Several epigenetic 

processes are known that includes covalent modifications on the DNA, post-translational 

modifications (PTMs) of histones and other RNA-mediated processes, chromatin 

remodeling complexes that modulate gene expression at the transcription level (Portela and 
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Esteller, 2010). The pictorial representation of the epigenetic processes is given in Figure 

1.1. Therefore, any epigenetic alteration or aberrant mutation will eventually lead to the 

dysregulation of the proteins and their expression that play an important role in several 

human diseases including different types of cancer, cardiovascular diseases, several 

infections, inflammatory diseases and neurological disorders and their pathogenesis 

(Portela and Esteller, 2010). This understanding and application of epigenetics will be more 

effective in the discovery of novel therapeutic treatments in the form of personalized 

medicine for different diseases.  

 

Figure 1.1. Epigenetic processes [redrawn from (Conboy et al., 2021)].  

1.2. Chromatin structure and modifications 

Eukaryotic chromatin consists of a basic unit called nucleosome that contains 147 

base pairs of DNA tightly wrapped around an octamer of core histone proteins (Kornberg, 

1974). The positively charged histone proteins (H1, H2A, H2B, H3 and H4) and the 

negatively charged DNA (due to the phosphate groups in the backbone) are tightly packed 

into each other due to the electrostatic interactions between them. The core octamer of 

histones consists of a heterotetramer of H3 and H4 and two heterodimers of H2A and H2B. 
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These nucleosomes are connected by a linker DNA consisting of H1 histone protein and all 

these together known as chromatosome. Nucleosomes upon several foldings into chromatin 

hinders the accessibility of DNA for further transcriptional processes (Luger et al., 1997). 

Chromatin exists in two different states namely, heterochromatin which is the 

transcriptionally inactive and highly compact structure of nucleosome and another being 

euchromatin which forms the open nucleosome associated with transcriptional activation 

(Ng and Adrian, 1999). These altered structures of chromatin are regulated by several 

factors that involve the presence of activators, repressors, chromatin remodelling 

complexes along with and also due to the covalent modifications of DNA as well as PTMs 

of the histone proteins (Turner, 2000). The accessibility of DNA towards regulatory 

proteins and thus, gene expression depends on the PTMs of the N-terminal of histone tails 

consisting of lysine residues. Several PTMs of histone proteins are known that include 

acetylation, phosphorylation, methylation, ubiquitylation, ADP ribosylation, sumoylation, 

deamination, proline isomerization, crotonylation, hydroxylation and O-GlcNAcylation. 

These PTMs affect the interactions between nucleosomes, thus affecting the overall 

chromatin structure and remodelling (Jenuwein and Allis, 2001). 

Among various PTMs of histones, histone acetylation and deacetylation are the 

most extensively studied (Figure 1.2). Histone acetyl transferases (HATs) acetylate the 

terminal lysine residues and function as coactivators whereas Histone deacetylases 

(HDACs) deacetylate and function as corepressors and this balanced activity of HATs and 

HDACs is required for the epigenetic control of gene transcriptional regulation (Tr et al., 

1988). The imbalance between the activities of HATs and HDACs eventually lead to 

abnormal gene expression thus leading to various epigenetic disorders or diseases 

(Timmermann et al., 2001). The inhibition of HAT leads to the inexpression of targeted 

gene whereas, HDAC inhibition leads to continuous expression of the targeted gene (Park 
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and Kim, 2020). The overexpression of HDACs is a well-known fact that leads to various 

types of cancers such as pancreatic, colorectal, breast, lung, colon and liver cancers as well 

as leukemia, hepatocellular carcinoma, prostate cancer and also other neurological 

disorders, autoimmune disorders, inflammatory diseases, cardiac along with pulmonary 

diseases (Sarkar et al., 2020). Apart from histone modifications caused by HATs and 

HDACs, several other epigenetic changes of non-histone targets lead to the altered gene 

expression of important regulator genes, many of which are involved in regulating cell 

growth and proliferation as well as DNA repair or in maintaining genome stability (Das 

and Kundu, 2005; Glozak et al., 2005). Thus, the application of epigenetic modulators 

might regulate the alterations in the gene expression which may ultimately aid in the 

treatment of life-threatening diseases.  

 

Figure 1.2. Chromatin structure and its modifications (Pulya et al., 2020). 

1.3. Histone deacetylases and key features 

Mammalian HDACs consists of 18 isoforms that are classified into 4 different classes 

based on their on their homology with yeast protein and their mechanism of action. All the 

four classes are distinct in terms of their structure, enzymatic function, subcellular 

localization and expression patterns (Gray and Ekström, 2001). The numbering of HDAC 

isozymes was according to their chronological order of discovery. Four different classes of 



Chapter 1: Introduction 
 

[6] 

 

HDACs known are Class I (HDACs 1, 2, 3 and 8), Class II (further subdivided into class 

IIA consisting of HDACs 4, 5, 7 and 9 whereas, class IIB consisting of HDACs 6, 10), 

Class III (called as Sirtuins) and Class IV (HDAC 11) (Pulya et al., 2020).  

➢ Class I HDACs: HDAC1 (Taunton et al., 1996), HDAC2 (Yang et al., 1996), 

HDAC3 (Yang et al., 1997), and HDAC8 (Hu et al., 2000) show a sequence similarity to 

reduced potassium dependency (Rpd3) like proteins of the yeast. They are predominantly 

located in the nucleus and primarily act through histone proteins as their substrates. They 

are ubiquitously expressed. 

➢ Class II HDACs: These HDAC isoforms show a sequence similarity to yeast Histone 

deacetylase 1 (Hda1) like protein. Further, they are classified into two sub-classes, i.e., IIa 

(HDAC4, HDAC5, HDAC7 and HDAC9) and IIb (HDAC6 and HDAC10) based on their 

sequence homology and domain organization (Grozinger et al., 1999; Kao et al., 2002; 

Zhou et al., 2000). Class IIa HDACs are found in nucleus and following phosphorylation 

by kinases they shuttle to cytoplasm. On the other hand, Class IIb HDACs are 

predominantly cytoplasmic and hence, they are known to act through various non-histone 

proteins as their substrates for the deacetylase activity.  

➢ Class III HDACs or Sirtuins: This class consists of SIRT1, 2, 3, 4, 5, 6, 7 named 

such, as they show similarity to yeast Sir2 silencing proteins (Seto and Yoshida, 2014).  

➢ Class IV HDAC: This class consists of only HDAC11 that is known to share 

catalytic domain similarity to both Class I and II HDACs (Gao et al., 2002). 

All the four classes are also distinct in terms of their mechanism of action in which 

Class I, II and IV HDACs are affiliated to zinc-dependent HDAC isoforms where Zn+2 

metal ion acts as the co-factor for the hydrolysis of acetylated substrates. Besides, Class III 

is a NAD+ dependent HDAC where NAD+ acts as the cofactor for their enzymatic activity 

(Gray and Ekström, 2001). The detailed classification of HDAC isoforms along with their 
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cellular localization, substrates and physiological functions are highlighted in Table 1.1. 

HDACs are basically transcriptional corepressors that are involved in the epigenetic 

regulation in the form of complexes with co-repressors such as Sin3, NCoR (nuclear 

receptor co-repressor), CoREST (co-repressor for element-1-silencing transcription factor), 

NuRD (nucleosome remodeling and deacetylation) and SMRT (silencing mediator of 

retinoid and thyroid receptors) (Kao et al., 2000). These complexes effect the downstream 

signaling pathways in various disease pathogenesis. Physiologically HDACs are found to 

play a critical role in the normal developmental processes and also in the differentiation of 

cells (Haberland et al., 2009). Several knockout studies in mice revealed different 

phenotypes and also sometimes resulting in the embryonic death. These animals were found 

to develop variety of abnormalities such as hypertrophy, cardiac disorders, aberrant bone 

mineral densities etc (Witt et al., 2009). Studies have also reported that HDACs are widely 

implicated in various life-threatening diseases such as different cancers, Alzheimer’s 

disease, Huntington’s disease, Parkinson’s disease, other cardiovascular and inflammatory 

diseases (Rosato and Grant, 2005).  

1.3.1. Key structural features of zinc dependent HDACs 

In 1999, Finnin et al, for the first time described the HDAC catalytic activity and 

they reported the key structural features of the HDACs when inhibited by Trichostatin A 

(TSA) and Vorinostat (SAHA) from their crystal structures bound to HDAC related protein 

named as HDLP (Histone deacetylase like protein) (Finnin et al., 1999). This crystal 

structure study identified the presence of a tube-like 11Å hydrophobic pocket that 

accommodates the inhibitors. The Zinc ion (Zn+2) was found to be placed at the bottom end 

of the hydrophobic channel to which the hydroxamic acid end of the HDAC inhibitors 

(HDACis) is bound. Alongside, a deep internal cavity made up by arginine, tyrosine and 

cysteine residues was also revealed (Finnin et al., 1999).  
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In case of Class I HDACs, they share a common feature of the presence of 11Å deep 

channel alongside 14Å cavity bound to the catalytic active site of Zn+2 ion. The carbonyl 

group of glycine and the side chain of tyrosine point inwards to the 11Å channel and the 

Zn+2 ion is situated near the bottom of the pocket. The Zn+2 ion exists in penta-coordination 

with the histidine and asparagine amino acid side-chains along with the carbonyl group of 

the inhibitor and a molecule of water (Manal et al., 2016). The structural features of 

HDAC8 are distinct from other class I HDACs. HDAC8 is found to have a bigger surface 

opening and larger active site pocket and also lacks in protein binding domain at the C-

terminal end as that of other class I HDACs. The presence of L1 loop of amino acid residues 

30 to 36 at the N-terminal end of the protein, and the formation of L1 to L7 loops in the 

catalytic domain with the Zn+2 ion located between loop 7 and loop 4 were considered to 

be distinct structural features of HDAC8 (Gantt et al., 2006). 

Class IIa HDACs are made up of C-terminal catalytic domain and N-terminal domain 

of 600 amino acid residues that are responsible for their localization and shuttling between 

both cytoplasm and nucleus and also for their catalytic activity. HDAC4 and HDAC7 are 

distinct in their functional properties to that of other class II HDACs and are structurally 

similar to class I HDACs (Yang and Grégoire, 2005). A second Zn+2 binding motif was 

found in HDAC4 and HDAC7 with an extended grove adjacent to the active site of the 

hydrophobic pocket. The Zn+2 ion of the catalytic active site is found to coordinate with 

cysteine and histidine residues which form the exclusive feature for class IIa HDACs (Zhou 

et al., 2000). The presence of hydroxyl group of tyrosine 306 that is known to play a critical 

role in the stabilization of the transition state yielding an oxyanion intermediate for class I 

and IIb HDACs is absent and replaced with histidine 976 and histidine 843 in HDAC4 and 

HDAC7 thus rendering them with diminished enzymatic activity of class IIa HDACs 
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(Manal et al., 2016). On the other hand, class IIb HDACs possess two catalytic domains 

and are the lengthiest of all HDAC isoforms. The presence of leucine rich region in 

HDAC10 and the structural homology of C and N – terminal regions suggest a second 

catalytic domain (Kao et al., 2002). Moreover, the presence of SE-14 domain as the linker 

between two domains of the protein consisting of 8 successive tetradecapeptide repeats 

were found to be essential for the cytoplasmic retention of HDAC6. The unique ZnF-UBP 

domain at the C-terminal end is involved in ubiquitination, a modification that is involved 

in protein clearance and degradation via aggresome pathway (Pulya et al., 2020).  

HDAC11 is the smallest HDAC known with only 347 amino acids present and 80% 

of its protein sequence encodes the HDAC catalytic domain leaving very small N and C-

terminal residues (Gao et al., 2002). HDAC11 also has the catalytic channel similar to other 

HDACs and it is found to be enlarged by other amino acid substitutions thus 

accommodating larger acyl groups like in HDAC8. HDAC11 was found to possess the loop 

L2 with asparagine 101 positioned at the entrance of the tunnel and this L2 loop has a key 

role in the function of substrate recognition and catalysis while fixing the substrate 

conformation (Liu et al., 2020). 

1.3.2.  Catalytic mechanism of action of HDACs 

The catalytic mechanism of action of HDACs for the lysine deacetylase activity was 

first described by Finnin et al in 1999 when studied with the HDACis, TSA and SAHA 

bound HDAC homologue structures (Figure 1.3.) (Finnin et al., 1999). The mechanism 

started with the chelation of the carbonyl group of the acetyl lysine to the catalytic bidentate 

Zn+2 ion and the necessary water molecule thus protonating histidine 132 leading to the 

polarization of the carbonyl group followed by the activation of 

elevated electrophilic carbon. Following which the water gets deprotonated and the 

subsequent protonation of histidine 131 leading to the production of a hydroxide ion 

https://www.sciencedirect.com/topics/chemistry/carbonyl-group
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electrophilicity
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attacking the carbonyl group of the acetyl. This results in the production of a tetrahedral 

acyloxyanion which is further stabilized by the hydroxyl group of tyrosine 297. The final 

step involves the proton transfer from the histidine 131 to the acyloxyanion which led to 

the generation of the acetate and the terminal ammonium on the lysine as byproducts thus 

completing the deacetylation reaction (Finnin et al., 1999).  

 

Figure 1.3. Proposed mechanism for histone deacetylase catalysis (Finnin et al., 1999). 

1.4. Zinc dependent HDAC isoforms and cancer 

One of the first identified hallmarks of cancer is the hypoacetylation and 

hypomethylation of K16 and K20 residues of H4 histone protein (Fraga et al., 2005). While 

forming the complexes with the various co-repressors, HDACs exhibit transcriptional 

repression activity thus causing their implications in different types of cancer (Figure 1.4.) 

(Ramaiah et al., 2021). These histone modifications resulted in unregulated growth 

potential in tumor cells and the HDAC overexpression is directly correlated to various 

advanced cancers and their etiology. Abnormal expression of HDACs often leads to 

different proliferative and non-proliferative signalling pathways and hence, HDAC 

inhibition is correlated with cell cycle arrest and apoptosis (Brancolini et al., 2022). HDACs 
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are also found to regulate tumor suppressor genes and oncogenes at the transcription level 

playing a critical role at various stages of cancer disease progression such as apoptosis, cell 

cycle, DNA damage and repair, metastasis, angiogenesis, cancer cell proliferation and 

stemness properties of tumor cells (Hai et al., 2022). Along with targeting histones, the 

deacetylation activity of HDACs affecting various non-histone proteins such as p53, E2F, 

α-tubulin and MyoD thus resulting in the execution of more complicated functions of 

HDACs in many cellular processes (Hai et al., 2021). 

1.4.1. Class I HDACs 

Class I HDACs (HDAC1 – 3 and 8) are the first and the most widely implicated in 

different cancers and many HDACis are also identified targeting these isoforms at the 

preclinical level. HDAC1 is mainly oncogenic in various tumor cells but literature has also 

reported its dual role in case of acute promyelocytic leukaemia (APL) by functioning as the 

tumor suppressor. HDAC1 and 2 exhibited high similarity in their binding sites thus 

indicating functional redundancy. They often together with other protein complexes exert 

their activity through the regulation of transcription, DNA repair. One of the main target 

proteins of HDAC1/2 is p53 which affects several downstream pathways by p53. Several 

HDAC1/2 corepressor complexes are known such as SIN3A (switch-independent protein 

3A), MiDAC (Mitotic deacetylase), NuRD, MIER (mesoderm induction early response), 

CoREST, RERE (arginine-glutamic acid dipeptide repeats). These complexes were found 

to play key role in inhibiting the activity of tumor suppressor genes and also were found to 

be highly expressed in different tumor malignancies (Ropero and Esteller, 2007). HDAC3 

forms the active complex with NCoR1/2 and modify histones and thus silence transcription. 

HDAC3 promotes cancer cell proliferation by regulating the transcription factors I and II 

thus inhibiting nuclear receptor transporting activity (Guenther et al., 2001). HDAC3 is 

proved to be associated with various cancers due to its overexpression. HDAC3 is known 
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to play a vital role in cell cycle progression, DNA damage and repair, apoptosis and also in 

regulating cancer cell proliferation (Karagianni and Wong, 2007). Overexpressed HDAC3 

is found in the pathogenesis of various cancer progression such as breast cancer, colon 

cancer, pancreatic cancer, prostate cancer, colorectal cancer, lymphoma, myeloma, 

leukemia, melanoma and glioma, Ewing’s sarcoma, and cholangiocarcinoma (Routholla et 

al., 2021b). HDAC8 is found to be overexpressed in various cancers such as colon, cervical, 

lung, breast cancers as well as in T cell lymphoma, acute lymphocytic leukemia (ALL), 

acute myeloid leukemia (AML) and also in neuroblastoma conditions. HDAC8 with its 

unique structural aspects and also due to deacetylating both histone and non-histone 

substrates present in both nucleus and the cytoplasm such as p53, estrogen related receptor 

alpha (ERRα), structural maintenance of chromosomes 3 (SMC3), cortactin, inv (16) fusion 

protein thus leading to different physiological functions such as cell cycle regulation, 

tumorigenesis, muscle contraction (Kim et al., 2022).  

1.4.2. Class II HDACs 

Class II HDACs due to their unique structural and functional aspects exert various 

functions due to their association with different binding proteins such as NCoR/SMRT, 

thus executing the epigenetic modulations (Yang and Grégoire, 2005). Class IIa HDACs 

retain in the nucleus due to their association with a transcription factor MEF2, and on the 

other hand 14-3-3 protein retains the HDACs in the cytoplasm thus avoiding their transport 

to the nucleus upon binding to MEF2. HDAC4 upon deacetylation of transcription factors 

such as SP1 (specificity protein 1) and Kruppel-like factor-5 promotes cancer cell invasion 

and proliferation in case of glioma (Parra, 2015). HDAC4 was also found to play a crucial 

role in promoting drug resistance via inhibiting pro-apoptotic genes. HDAC4 

overexpression was found in hepatocellular carcinoma, breast cancer, gastric cancer, high-

grade tumors like lymphoma or leukemia. HDAC4 through the regulation of proteostasis 
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and autophagy has a key role in multiple myeloma (Cuttini et al., 2023). HDAC4 and also 

HDAC5 are investigated in the development and aggressiveness of various solid tumors 

such as lung cancer, nasopharyngeal cancer and esophageal cancer through promoting 

epithelial mesenchymal transition (EMT) and metastasis. HDAC5 primarily functions in 

cell proliferation, invasion, immune responses and the cancer stemness maintenance in 

different cancers.  HDAC5 via the deacetylation of p65, known to promote cancer 

progression and therapeutic resistance in case of pancreatic cancer. HDAC5 is widely 

overexpressed in case of breast cancer, hepatocellular cancer, lung cancer, melanoma, 

lymphoma, ovarian cancer, pancreatic cancer, colorectal cancer, glioma and osteosarcoma 

(Yang et al., 2021). HDAC9, found to enhance cell proliferation and drug resistance in 

lymphoblastic leukemia. Overexpression of HDAC9 downregulates the activity of 

melatonin, thus playing a key role in lung cancer (Parra, 2015).  

Being majorly localized in the cytoplasm, HDAC6 has rare functions in gene 

transcriptional regulation. Rather, it has exerted its main functions in maintaining cell 

division, migration, angiogenesis, cell motility and adhesion. High levels of HDAC6 are 

implicated in case of triple negative breast cancer, estrogen receptor positive breast cancer, 

primary melanoma, hepatocellular carcinoma functioning via cortactin/F-actin binding 

pathway, estrogen receptor regulator, alpha-tubulin deacetylation, PD-L1 upregulation, p53 

deacetylation, PTPN1/ERK1/2 pathways (Pulya et al., 2020). HDAC10, was found to be 

primarily overexpressed in case of lung cancer, ovarian cancer and on the other hand, 

HDAC10 was found to exhibit tumor suppressor property in case of cervical cancer (Kao 

et al., 2002).  

1.4.3. Class IV HDAC 

HDAC11, the only class IV HDAC isoform, was found to be overexpressed in case 

of breast, colon, lung, liver, prostrate, testicular, colon and ovarian cancers. HDAC11 was 
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found to promote cancer proliferation via inhibiting the p53 transcription thus exerting its 

anti-apoptotic activity of cancer cells. High levels of HDAC11 are correlated with cancer 

cell stemness causing their self-renewal and inducing drug resistance. On the contrary, 

HDAC11 expression is anticorrelated in case of uveal melanomas and gliomas and 

HDAC11 knockout mice have exhibited an increase in the lymphoma tumor growth. 

Therefore, HDAC11 role is not fully elucidated and is complex in its nature (Núñez-

Álvarez and Suelves, 2022). 

 

Figure 1.4. Role of different HDAC isoforms in cancer pathogenesis. 

1.5. HDAC inhibitors as anticancer agents 

Given the critical role of different HDAC isoforms in the prognosis of different 

cancers and targeting HDACs by using histone deacetylase inhibitors (HDACis) have 

increasingly gained attention in the recent years at both preclinical and clinical therapeutic 
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level. HDACis, upon inhibiting the HDACs, suppress their deacetylase activity thus 

attaining the balanced state of acetylation. HDAC inhibition occurs by various mechanisms 

mostly by promoting cell death. HDAC inhibition upregulates cell cycle gene p21 which 

leads to cell cycle arrest and inhibiting differentiation, and also upregulates the intrinsic 

and extrinsic apoptosis pathways through the induction of pro apoptotic genes (Sambucetti 

et al., 1999). On the other hand, hyperacetylation stabilizes the p53 protein, promoting cell 

cycle arrest (Li et al., 2011). HDACis thus affect various underlying pathways and regulate 

the gene expression thus exerting their therapeutic efficacy. HDACis commonly possess a 

basic pharmacophoric model that consists of a cap group that interacts with the surface of 

the enzyme, a zinc binding group (ZBG) that interacts with the zinc ion at the catalytic 

pocket and a linker that serves as a bridge between the cap and ZBG (Johnstone, 2002). 

The first few identified HDACis are non-selective HDACis which bind to different HDAC 

isoforms non-specifically and cause various off-target activities and toxicities. Later, 

modifications around the pharmacophore of the HDACis have been carried out extensively 

to develop isoform-selective HDACis. As the anticancer effect of HDAC inhibition is well 

established by now, there is a growing interest in the research area of HDACis and since 

past few years numerous HDACis have been extensively studied preclinically and clinically 

(Patel et al., 2023). 

1.5.1. Classification of HDAC inhibitors 

Based on the chemical structure of ZBGs, HDACis were further divided into four major 

classes of: 

1. Hydroxamates: such as vorinostat (SAHA), belinostat, panobinostat, abexinostat, 

givinostat. 

2. Benzamides: such as BG-45, CI-994 (tacedenaline), entinostat, mocetinostat, 

chidamide etc.  
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3. Short chain fatty acids: such as valproic acid, phenyl butyrate etc. 

4. Cyclic tetrapeptide: such as romidepsin etc. 

Along with the above mentioned HDACis, there are several other identified HDACis 

with various other ZBGs such as thiols, esters, hydrazides, electrophilic ketones, thioacetyl 

groups, sulfonamides etc, that have gained attention during recent times due to enhanced 

potency and selectivity towards individual HDAC isoforms (Frühauf and Meyer-Almes, 

2021).  

1.5.2. FDA approved HDAC inhibitors 

Despite the rigorous studies on numerous HDACis, so far only 6 have been clinically 

approved namely vorinostat (SAHA), romidepsin (FK228), belinostat (PXD101), 

panobinostat (LBH589), pracinostat approved by U.S. Food and Drug Administration 

(FDA) and chidamide (approved by China FDA) for the treatment of different 

hematological cancers. The structures and details of the FDA approved HDACis are 

represented in Figure 1.5 and Table 1.2. Vorinostat (SAHA), is the first FDA approved 

HDACi for the treatment of patients with relapsed and refractory cutaneous T-cell 

lymphoma (CTCL), marketed by Merck & Co. Inc. in 2006 (Mann et al., 2007). In 2009, 

romidepsin (FK228, a natural product), was FDA approved for CTCL treatment by 

Gloucester Pharmaceuticals (Celgene). Later, in 2011, romidepsin was also approved for 

peripheral T-cell lymphoma (PTCL) therapy (Barbarotta and Hurley, 2015). Belinostat 

(PXD101), in 2014 was FDA approved for the treatment of patients with relapsed or 

refractory peripheral T-cell lymphoma (PTCL) by Spectrum Pharmaceuticals (Lee et al., 

2015). Later in 2015, panobinostat (LBH589) was approved for the treatment of multiple 

myeloma developed by Novartis Pharmaceutical Company (Raedler, 2016). Pracinostat 

(SB939), was approved in the year 2014 by FDA and given the orphan drug designation 

for the treatment of acute myeloid leukemia (AML) by Helsinn group and MEI pharma 
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companies (Novotny-Diermayr et al., 2012). China FDA in the year 2015, approved 

chidamide for the treatment of relapsed or refractory PTCL and pancreatic cancer 

discovered and developed by Chipscreen Biosciences (Lu et al., 2016).  

 
Figure 1.5. Structures of clinically approved HDAC inhibitors. 

Table 1.2. FDA approved HDAC inhibitors, their indication and details. (Pulya et al., 2020) 

Drug name 
Trade 

name 

Class of 

inhibitor 
Indication 

Year approved, 

Company 

Vorinostat 

(SAHA) 
Zolinza Hydroxamate Cutaneous T-cell lymphoma 2006, Merck 

Belinostat 

(PXD101) 
Belidaq Hydroxamate 

Relapsed peripheral T-cell 

lymphoma 
2014, Spectrum 

Panabinostat 

(LBH589) 
Farydak Hydroxamate Relapsed multiple myeloma 2015, Novartis 

Romidepsin 

(FK228) 
Istodax 

Cyclic 

peptide 
Peripheral T-cell lymphoma 2009, Celgene 

Chidamide 

(HBI8000) 
Epidaza Benzamide 

Relapsed peripheral T-cell 

lymphoma 

2015, Shenzen 

core biotechnology 

Pracinostat 

(SB939) 
- Hydroxamate Acute myeloid leukemia 

2016, Helsinn and 

MEI pharma 

 

1.5.3. Mechanism of action of HDAC inhibitors 

HDAC inhibitors (HDACis) are a class of epigenetic modulators or drugs that exert 

various biological activities by modulating histone acetylation at specific lysine residues 
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on histone proteins. Particularly, HDACis have major application as antitumor agents both 

at preclinical and clinical level (Johnstone, 2002). Apart from modulating histone 

acetylation over histone proteins and regulating gene expression at the transcription level, 

HDACis also target several non-histone proteins thus governing various cellular and 

physiological processes such as DNA damage and repair, cell division, signal transduction, 

oxidative stress, apoptosis, cytotoxicity, anti-proliferative activities, autophagy. The 

treatment with SAHA induces DNA double strand damage and oxidative stress, causes cell 

differentiation, cell cycle arrest at G2/M phase due to the repression of cyclin D and cyclin 

A genes, thus reducing CDK2 and CDK4 kinase activities and also cause the apoptosis of 

tumor cells via promoting various protein acetylation and modulating the gene expression 

(Ruefli et al., 2001). Further, SAHA inhibits mTOR (mammalian target of rapamycin), 

accumulates the reactive oxygen species (ROS), upregulates the p21 CIP/WAF1 by 

inducing CDKN1A, causes the hyperacetylation of transcription factors such as NF-kB, 

p53, STAT1, STAT3, E2F1 thus affecting the cell cycle progression, DNA-damage 

response, and apoptosis (Saito et al., 2017). Treatment with panobinostat induced the 

hyperacetylation of H3 and H4, increased the level of p21, caused apoptosome inactivation, 

and apoptosis mediated cell death (Prince et al., 2009). The treatment with romidepsin was 

found to induce apoptosis in chemoresistant cells via modulating c-MYC, HSP90 and p53 

thus enabling their accessibility for its target genes and also inducing protein degradation, 

cell growth inhibition and eventual cell death. Romidepsin treatment leads to the 

accumulation of ROS, causing translocation of AIF (apoptosis inducing factor) to the 

nucleus leading to apoptosis caused by ROS mediated cell death (Karthik et al., 2014). 

Belinostat, is known to inhibit all the classes of HDAC isoforms thus facilitating various 

mechanisms leading to cell cycle arrest, inhibiting cell proliferation and inducing apoptosis, 

therefore, exerting its potent antitumor activities (Manal et al., 2016). Chidamide, a 
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benzamide HDACi, upon treatment was found to induce the expression of apoptosis related 

genes such as EMP1, EPLIN, T-cell receptor, and death receptor 6 causing apoptosis. 

Further, it is also reported to induce cell cycle arrest and apoptosis along with reversing the 

EMT and drug resistance of tumor cells (Ning et al., 2012).  

HDACis, via targeting histones H3 and H4 induce apoptosis via both extrinsic and 

intrinsic pathways. They induce caspase-mediated apoptosis, also downregulate the c-FLIP 

protein, upregulate TRAIL, DR5, TNF-α thus activating caspase 8 and caspase 10. Further, 

they also induce mitochondrial mediated apoptosis via intrinsic pathways such as 

upregulating the expression of pro-apoptotic proteins of BCL2 family (Bid, Bim, Bmf etc) 

and also downregulate the expression of anti-apoptotic proteins of BCL2 family (BCL2, 

BCL-XL, BCL-w), MCL-1 and XIAP. They also cause the gene induction for Caspase 9, 

Apaf1, Cytochrome c causing mitochondrial damage leading to apoptosis (Brancolini et 

al., 2022). HDACis via modulating various non-histone proteins cause the activation of the 

aggresome pathway leading to the degradation of misfolded protein aggregates. HDACis 

also cause cell migration and motility via hyperacetylating cortactin, blocking F-actin 

association and thus impairing cell periphery translocation and motility. The 

hyperacetylation of tubulin decreases the microtubule dynamics thus obstructing the 

fibroblast invasion and motility. Further, HDACis treatment affect the cell motility and 

metastasis via the downregulation of matrix metalloproteinases such as MMP-1, MMP-2, 

MMP-9 and also cause the overexpression of TIMP-1, TIMP-3 proteins. They also act via 

the gene repression of RAD51, BRAC1, BRAC2, Ku70 genes causing oxidative stress and 

subsequent DNA damage (Boyault et al., 2007). The different mechanism of action of 

HDACis in various stages of cancer is depicted in the Figure 1.6. 
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Figure 1.6. Different mechanism of action of HDACis in cancer. 

1.6. Isoform selective HDAC inhibitors  

As mentioned above, so far only six HDACis are clinically approved till date and all 

of them are non-selective towards HDAC isoforms and therefore named as pan-HDAC 

inhibitors. Apart from the pan-HDACis, several other HDACis have been evaluated in 

various phases of clinical and preclinical trials for their potential anticancer properties (Ho 

et al., 2020). Though HDACis are well-recognized as anticancer agents, their non-specific 

mechanism of action towards different HDAC isoforms may lead to unwanted off-target 

adverse effects as well as dose-related toxicities (Ramaiah et al., 2021). Hence, there is a 

pressing need for identifying and developing isoform-selective HDACis to understand the 

underlying mechanisms of the specific HDAC isozyme in the disease progression and 

downstream pathways. The isoform-selectivity might be achieved through the structural 

modification of any of the pharmacophore region such as cap region, linker or ZBG.  

Several advantages of isoform selectivity can be achieved by inhibiting class I 

HDACs that are predominantly located in the nucleus, in particular HDACs1-3. This might 

target specifically transcriptional regulation and subsequently, the underlying gene 
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expression (Xu et al., 2007). Furthermore, inhibiting HDAC6 selectively might offer other 

therapeutic interventions other than the class I HDACs as HDAC6 is predominantly 

cytoplasmic in nature and inhibiting HDAC6 might affect various other non-histone 

proteins and cause related biological effects (Pulya et al., 2020). Selective inhibition of 

HDAC8 might offer a unique therapeutic implication other than modulating histones due 

to its different structural features to that of other class I HDACs (M et al., 2022).  

The existing FDA approved pan-HDACis exhibit a wide range of toxicities such as 

fatigue, nausea, liver damage, thrombocytopenia and cardiotoxicity. These compounds due 

to their non-specific mechanism of action and thus effect multiple cellular processes and 

signalling pathways of normal physiological function other than the desired site of action 

in cancers (Karagiannis and Rampias, 2021). 

On the other hand, isoform selective HDACis offer advantages in reducing the side-

effects by targeting specifically and also can be employed as chemical probes or tools in 

understanding the individual role of HDAC isoforms as well as to elucidate their detailed 

mechanism of action in the cancer disease progression. They might also provide targeted 

therapies for different malignancies thus providing insights into future drug development 

based on HDACis. 

Designing and identifying the isoform selective HDACis is the most challenging task 

right now for the researchers worldwide, owing to their numerous advantages over pan-

HDACis. But it is a difficult task, due to high sequential homology in the structures of 

HDAC isoforms and in order to design the isoform selective inhibitors, the detail 

information about the structural features of individual HDAC isoforms need to be 

elucidated. Recently, studies have also emerged identifying the crystal structures of HDAC 

isoforms bound to their selective ligands at the active site, thus providing the valuable 

insights of the differences among the active sites of the individual HDAC isoform that helps 
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researchers to design and develop highly potent and selective HDACis (Thaler and 

Mercurio, 2014).  

Table 1.3. Details of isoform selective HDACis. 

Inhibitor Structure Isoform 
Clinical 

status 
Indication 

BRD4884 

 

HDAC1&2 

Preclinical 
Neurodegenerati

ve disorders 

FK228 

 

Phase II 
Peripheral T-cell 

lymphoma 

ACY-957 

 

Preclinical 
Acute Myeloid 

Leukemia 

Santacruzamate A 
 

HDAC2 

Preclinical 
Hepatocellular 

carcinoma 

Rosmarinic acid 

 

Preclinical Prostate cancer 

Β-Thujaplicin 

 

Preclinical 
T-cell 

lymphoma 

Γ-Bisabolene 

 

Preclinical 
Oral squamous 

cell carcinoma 

BRD3308 

 HDAC3 

Preclinical Type 1 Diabetes 

RGFP996 

 

Preclinical 
Neurodegenerati

ve disorders 

Tubastatin A 

 

HDAC6 & 

10 
Preclinical 

Neurodegenerati

ve disorders 

SW-100 

 

HDAC6 Preclinical 
Neurodegenerati

ve disorders 
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MPT0G211 

 

Preclinical 
Multiple 

myeloma 

PCI-34051 

 

HDAC8 

Preclinical 
T-cell 

lymphoma 

WK2-16 

 

Preclinical 
Neurodegenerati

ve disorders 

Beeler’s 

phenylalanine 

derived 

hydroxamic acid 

 

Preclinical Cancer 

FT895 

 
HDAC11 

Preclinical  

N'-

hexadecylthiophen

e-2-

carbohydrazide 
 

Preclinical  

TMP269 

 
HDAC 4,5, 

7&9 

Preclinical 
Neurodegenerati

ve disorders 

CHDI-390576 

 
 

Preclinical 
Neurodegenerati

ve disorders 

 

1.7. Limitations of the existing HDAC inhibitors 

Although HDACis have proven to be promising anticancer agents both preclinically 

and clinically, only six have been FDA approved, that too for only haematological 
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malignancies. None of the HDACis so far were approved for solid tumors. At the clinical 

level, many HDACis have displayed severe side-effects and dose related toxicities. There 

are several limitations identified for the existing HDACis and they are listed below: 

➢ Lack of HDAC isoform selectivity causing poor therapeutic efficacy and other non-

specific toxicities. 

➢ At the clinical level, HDACis were found to cause severe side-effects such as 

anaemia, fatigue, cardiotoxicity, thrombocytopenia, neutropenia and also diarrhoea and 

sometimes even death of the patient.  

➢ Poor pharmacokinetic profile, leading to larger therapeutic window and higher 

dosage regimen causing several dose-related toxicities. 

➢ The induction of chemoresistance during the clinical therapy. 

➢ HDACis suffer through extensive metabolism mainly through glucuronidation thus 

affecting the bioavailability of the drug. 

Therefore, further studies must be done to focus on addressing these limitations and 

towards that direction, the discovery and development of highly potent and isoform 

selective HDACis might offer promising therapeutic efficacy at the clinical level as 

anticancer drugs.  
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2.1 About HDAC3  

Among class I HDACs, HDAC3 has been well established as a potential target due 

to its overexpression in different cancers. HDAC3 has a molecular weight of about 48kDa 

and is primarily localized in the nucleus thus acting via deacetylating histones such as H3, 

H4, H2A, H2B (Guenther et al., 2001). HDAC3 has been correlated with various stages of 

cancer progression such as cell cycle regulation, apoptosis, metastasis, signal transduction, 

angiogenesis along with other metabolic processes. HDAC3 has been found to be highly 

expressed in different body tissues including different regions of brain thus exerting its 

deacetylation function ubiquitously (Bhaskara et al., 2010). In particular, HDAC3 acts on 

the increased cellular histone during DNA replication and thus play a very important role 

in the gene transcriptional regulation. Recently, HDAC3 activity over other non-histone 

proteins has also been reported, extending its role in the deacetylation activity over other 

proteins (Adhikari et al., 2021; Bhaskara et al., 2010). 

Structurally, HDAC3, a repressive chromatin modifying enzyme is found to form a 

stable multi-protein complex with NCoR/SMRT (nuclear receptor co-repressor and 

silencing mediator of retinoic and thyroid receptors) corepressor complex thus exerting its 

gene repressive properties. HDAC3 acts as the catalytic component in the 

HDAC3/NCoR/SMRT complex, leading to the repressive activity of target genes 

(Guenther et al., 2001). HDAC3 when recruited into the corepressor complex leads to 

enhanced deacetylation activity of HDAC3. DAD, the deacetylase activating domain, 

which is generally placed in the N-terminus of SMRT and NCoR, activates the SMRT upon 

activation of HDAC3. Two tightly spaced motifs SANT1 and SANT2 are included in the 

DAD complex and among them SANT2 functions as histone interacting domain (HID) that 

interacts with the histone following the binding and the activation of HDAC3 enzyme 

(Karagianni and Wong, 2007). HDAC3 markedly differs from other class I HDACs in its 
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C-terminal domain. HDAC3/SMRT complex crystal structure revealed the presence of two 

monovalent cations of potassium ions one of which is closer to the active site Zn+2 ion with 

the second one situated ≥20 Å from the active site Zn2+ ion. Apart from 

SMRT/NCoR/HDAC3 complex, a WD40 repeat protein is present known as TBL1X 

(Transducin β-like 1X). This complex altogether exerts the deacetylase activity and without 

the co-repressor complex, HDAC3 alone has no role in the deacetylation process (Sarkar 

et al., 2020). Inositol phosphate 4 (Ins(1,4,5,6)P4) also involved in the activation of 

HDAC3 by acting as a bridge between HDAC3 and SMRT/DAD complex. HDAC3, is a 

protein made up of eight parallel beta sheets that is arranged in the form of loops and are 

composed of several amino acid residues that play a key role in determining the substrate 

selectivity. The amino acid residue, Arginine 265 associated with the Ins(1,4,5,6)P4 and 

Leucine 266 of the loop L6 plays the significant role in the substrate accessibility towards 

the active site of HDAC3. The loop L5 contains a tyrosine residue 198 on the enzyme 

surface along with the phenylalanine residue 199 that participates in the substrate 

specificity adjacent to the active site tunnel (Watson et al., 2012). The key structural 

features including the domain organisation of HDAC3 are represented in Figure 2.1. 

 

Figure 2.1. (A) Crystal structure of HDAC3 (PDB ID: 4A69) (Sarkar et al., 2020); (B) HDAC3 

domain structure, organization and functions. 
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2.2 HDAC3 and cancer  

Over time, among all other class I HDACs, HDAC3 has emerged as a crucial 

regulator of various stages of cancer progression and its pathogenesis. Studies reported the 

crucial role of HDAC3 overexpression in several downstream signaling pathways thus 

affecting the gene expression regulation and resulting in variety of pathogenetic conditions 

of not only cancer but also various other disease conditions such as inflammation and 

several neurological disorders (Adhikari et al., 2021). Given its significant role in cancer 

progression, specific HDAC3 inhibition would be a promising therapeutic strategy for 

combating various cancers like breast cancer, pancreatic cancer, colorectal cancer, prostate 

cancer, colon cancer, lymphoma, leukemia, glioma, myeloma, melanoma and Ewing’s 

sarcoma (Adhikari et al., 2018).  

 

Figure 2.2. Role of HDAC3 overexpression in cancer pathogenesis.  

2.3 HDAC3 selective inhibitors 

A lot of research has been taken up to date towards the exploration of HDAC3 selective 

inhibitors for various disease conditions. Given the flexibility of designing novel HDACis 

over the basic pharmacophore model, numerous pieces of literature have been reported up 

to the preclinical level but none of them have passed clinical trials. Many of the existing 
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HDAC3is have exhibited preferential selectivity towards HDAC3 but not exclusive 

selectivity. As the structural and mechanistic aspects of HDAC3 are widely reported, it has 

been a sought-after challenge to design novel molecules as HDAC3 inhibitors. The reported 

HDAC3is belong to different classes of HDACis with varied ZBGs such as hydroxamates, 

benzamides, thiols, ketones, etc but very few of them have achieved promising preclinical 

outcomes (Cao et al., 2018). The list of some promising HDAC3is is tabulated in Table 

2.1.  

Table 2.1. Details of few HDAC1 – 3 selective and preferentially HDAC3 selective 

inhibitors including their structures and corresponding IC50 values. 

S. 

No 
Name Structure 

IC50 (nM) 

HDAC1 HDAC2 HDAC3 

1 BG-45 

 

2000 2200 289 

2 MS-275 

 

190 410 950 

3 UF010 

 

500 100 60 

4 RGFP966 

 

28670 17680 80 

5 CI-994 

 

929 930 902 

6 RGFP109 

 

60 - 50 

7 PT-3 

 

1053 2083 245 
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8 13a 

 

4.69 46 0.28 

9 Chidamide 

 

95 160 67 

10 BRD3308 

 

1260 1340 64 

2.4 Hydrazide-based HDAC inhibitors 

So far most of the HDACis belong to either hydroxamates or benzamides as ZBG. Out 

of these, hydroxamates have been non-selective in terms of their HDAC inhibitory activity, 

whereas preferential selectivity has been exhibited by benzamide-based HDACis towards 

different classes, particularly class I HDACs. All the FDA-approved HDACis are pan-

HDACis and due to their non-selective nature, their treatment has led to a high dosage 

regimen to produce the required effect. The limitations of hydroxamates being low 

bioavailability, poor metabolic stability and their strong metal chelating properties that 

caused undesirable clinical toxicities. Though hydroxamates are highly potent, due to their 

inactivation by glucuronidation-based metabolism, they were administered mostly in large 

doses, ultimately leading to poor pharmacokinetic profiles and dose-limiting toxicities (Yue 

et al., 2022).  

Notably, benzamide-based HDACis were also well explored at both preclinical and 

clinical levels either alone or in combination with other drugs due to their preferential 

selectivity and druggable properties. Nevertheless, benzamides are also either non-selective 

or class-selective HDACis displaying little or no isoform-selectivity. Benzamide-based 

HDACis are in general less potent than hydroxamates, but they displayed preferential 

isoform selectivity and improved pharmacokinetics than hydroxamates (Frühauf and 
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Meyer-Almes, 2021). Whereas, they also did not cross the phase II level of the clinical trial 

may be due to their low metabolic stability and poor bioavailability in vivo causing adverse 

effects and in some cases death of the patients during the treatment (Adhikari et al., 2018). 

These limitations of both hydroxamates and benzamides urged the researchers to look out 

for novel chemotypes for ZBGs as HDACis. In this direction, recently hydrazide-based 

HDACis have gained major attention and very few reports are published with this ZBG, 

showing promising results and excellent potency as well as HDAC isoform selectivity 

(Wang et al., 2015). Firstly, Wang and colleagues in 2015, identified a novel chemotype 

benzoyl hydrazide as ZBG which they found to be impervious to glucuronidation, also 

exhibiting high potency and improved metabolic stability and pharmacokinetic profile. 

They identified a lead compound UF010 from their high-throughput screening experiments 

and reported the altered histone acetylation levels correlated with their in vitro cytotoxic 

activities. These hydrazides were particularly found to be HDAC1, 2 and 3 selective and 

therefore, they acted particularly through the activation of tumor suppressor genes causing 

significant anticancer potential (Wang et al., 2015). Later, few reports (Table 2.2.) have 

been published with hydrazide scaffold suggested they are impervious to glucuronidation 

based metabolism and also, they primarily act through modulating p53, tumor suppressor 

gene, thus displaying excellent properties as anticancer agents. In this direction, several 

modifications were reported over the cap region and linker region, keeping the hydrazide 

scaffold as ZBG to generate potent HDACis with improved HDAC1, 2 and 3 selectivity 

and pharmacological properties.  

Wang and colleagues reported a series of benzoyl hydrazides as potent class I HDACis, 

and from the series UF010 was identified as the lead compound with 60 nM HDAC3 

inhibition, 500 and 100 nM for HDACs 1 and 2, respectively, and displaying 20-fold 

selectivity for class I HDACs compared to HDAC6. These compounds were found to 



Chapter 2: Literature Review 
 

[33] 

 

activate tumor suppressor mechanisms and also inhibit oncogenic pathways. Structurally, 

this class of compounds contains a -CO-NH-NH- group as ZBG with a linker on one hand 

and an aliphatic chain that is attached to the amino group that is crucial for HDAC 

inhibition. This central unit of hydrazide might provide hydrogen bonding along with weak 

Zn+2 chelation with the hydrophobic groups at the cap region interacting with the 

hydrophobic pockets in the HDAC catalytic core. These weak Zn+2 chelating properties 

might be the reason for reduced off-target activities. The chain length of four carbons was 

found to produce activity and any change in the chain length reduced the class I selectivity 

of the compounds. UF010 was found to cause the induction of cell death and suppress the 

cell-cycle progression at the G1 phase via the activation of p53 and Rb tumor suppressor 

pathways, and through the suppression of MYC, MYCN, KRAS oncogenic pathways 

(Mahmud and Liao, 2015; Wang et al., 2015).  

Later, McClure and colleagues reported a series of hydrazide-based HDACis, that 

displayed highly potent HDAC inhibitory activities in acute myeloid leukemia disease 

conditions. These inhibitors were also impervious to glucuronidation-based metabolism as 

they possess little anionic charge thus displaying mixed or non-competitive inhibition. 

They have demonstrated that these compounds might be acting through an allosteric site of 

inhibition and thus indicating the presence of a non-catalytic metal-center target of these 

compounds (McClure et al., 2016). The hydrazide motif along with the carbonyl group 

serves as the hydrogen bond donor with weak Zn+2 chelation. The SAR of this series of 

compounds suggested an optimum chain length of either 3 or 4 carbons for HDAC3 

selective inhibition and any change in the chain length has reduced HDAC3 selectivity. 

The lead compound from this series 3e has exhibited HDAC3 IC50 potency of 0.95 nM with 

~100-fold selectivity over HDAC2 and ~12.4-fold selectivity over HDAC1. The in vitro 

and ex vivo studies of the lead compounds displayed low nanomolar activity against the 
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models of AML and are about 100-fold selective over normal human cells such as HEK-

293 (McClure et al., 2016). 

Further, the same group reported a series of compounds, in which they replaced 

their previously synthesized o-amino benzamide derivatives with the novel hydrazide class 

as ZBG and designed some indole moiety as the cap group (Li et al., 2018). They were 

found to be preferentially HDAC3 inhibitors over HDAC1, 2, and 6, and also their studies 

have demonstrated that they are highly resistant to glucuronidation, thus reducing the 

associated toxicities and also a possibility to overcome the high therapeutic window 

challenge of hydroxamates and benzamides scaffold. All these compounds were found to 

be potent against human acute myeloid leukemia (AML) cell line MV4-11. The most potent 

HDAC3 inhibitor (13e) was known to be potent against the human prostate cancer cell line 

and has no effect against normal cell line HEK229. They identified that hydrazide-based 

HDACis act with a different mechanism of action in different cell lines (Li et al., 2018). 

(IC50 values) 

Recently, Li and co-workers reported a series of hydrazide based HDACis with 

modifications on panobinostat at all the three pharmacophoric regions (Li et al., 2020). The 

lead compound of the series, 13a has exhibited HDAC3 IC50 potency of 0.28 nM with 

~150-fold selectivity over HDAC2 and ~18.7-fold selectivity over HDAC1 and was found 

to retain the potency of panobinostat. The lead compound was found to indirectly inhibit 

the FLT3 pathway via the downregulation of FLT3, STAT5 and pERK thus offering a 

promising therapeutic strategy for the treatment of FLT3 mutation induced AML. Further, 

the downregulation of antiapoptotic proteins such as c-Flip, XIAP, caspase proteins was 

observed. The results indicated that the presence of functional p53 is required for the 

selective toxicity in the AML model. They have reported that 13a causes class I HDAC 

inhibition induced cytotoxicity in AML model based on their p53 and FLT3 status. With 
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encouraging pharmacokinetics in vivo, they have suggested the possibility of using lower 

doses with longer intervals in between the dosing (Li et al., 2020).  

The most recent work by Jiang and co-workers, reported the first in vivo antitumor 

activity of the hydrazide based HDACis by identifying a lead molecule 11h, as an orally 

active anti AML agent with a tumor growth inhibition percentage of 78.9% after 21 days 

of treatment in the mouse model of AML. Compound 11h has demonstrated high HDAC3 

IC50 potency of 0.435 nM with ~42.6-fold selectivity over HDAC2 and ~6.89-fold 

selectivity over HDAC1 (Jiang et al., 2022).  

Table 2.2. Lead compounds from the series of hydrazide based HDACis reported till 

including their structures, HDAC3 IC50 values, their selectivity over HDAC1 and HDAC2 

and their biological indication.  

Cpd 

code 
Structure 

HDAC3 

IC50 

(nM) 

Selectivity 

over HDAC1 

and HDAC2 

Biological 

Indication 

UF010 

 

60 
~8 fold over 

HDAC1&2 

Different 

cancer cell 

lines 

3c 

 

0.95 

~100-fold 

(HDAC2); 

~12.4-fold 

(HDAC1). 

Acute 

myeloid 

leukemia 

13e 

 

1.41 

~19.88-fold 

(HDAC2); 

~6.76-fold 

(HDAC1). 

Acute 

myeloid 

leukemia 

13a 

 

0.28 

~150-fold 

(HDAC2); 

~18.7-fold 

(HDAC1). 

Acute 

myeloid 

leukemia 
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11h 

 

0.44 

~42.6-fold 

(HDAC2); 

~6.89-fold 

(HDAC1). 

Acute 

myeloid 

leukemia 

 

2.5 Gaps in the existing research of HDACis 

➢ Challenge to develop potent and isoform selective inhibitors for different HDAC 

isozymes as most of the available inhibitors are pan-HDACs or class I selective 

HDACs.  

➢ So far only five reports have identified hydrazide based HDACis as anticancer agents, 

particularly in acute myeloid leukemia conditions and none in other haematological as 

well as solid tumor malignancies. 

➢ Extensive research in the structure activity relationships needs to be done in case of 

hydrazide based HDACis. 

➢ The detailed pharmacokinetic analysis, metabolic stability analysis needs to be explored 

and studied of hydrazide based HDACis to understand their pharmacological properties 

and explore its clinical application. 

➢ Identification of more isoform specific HDACis in order to exploit the pathological 

implications of individual HDACs and to understand their role in different cancer 

pathology. Further, the detailed mechanism of action of causing the anticancer activity 

needs to be studied. 

➢ Optimisation of the in vivo dosage regimen of the hydrazide based HDACis, in order to 

reduce the unwanted effects during their clinical application.
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Objectives 

The main objective of our research is to identify and develop potent and selective histone 

deacetylase 3 inhibitors with promising anticancer therapeutic efficacy following hybrid 

structure strategy. Histone deacetylase inhibitors have garnered much attention as 

promising anticancer therapeutics with increased preclinical and clinical applications. 

Nevertheless, they have exhibited several side-effects, toxicities and poor clinical efficacy 

at the clinical trials due to their non-selective histone deacetylase inhibitory activity. 

Recently, the main focus of HDAC inhibitor discovery has been towards the identification 

of isoform-selective HDACis and few of them are in preclinical and clinical level either 

alone or in combination. In this direction, we now aim to study the effect of a novel zinc 

binding group, hydrazide in the design of isoform selective HDACis with various 

modifications incorporated in the cap region and linker region. We further studied their 

potent anticancer activity in vitro as well as in the in vivo tumor xenograft mouse model.  

Objective I 

To identify novel benzoyl hydrazides based small molecules as HDAC3 selective inhibitors 

as promising anticancer agents. 

Specific aims: 

1. To design and synthesize a series of novel benzoyl hydrazides with hydrazide as 

ZBG followed by their characterization using 1H NMR, 13C NMR, HPLC/LC-MS, HRMS 

spectroscopy. 

2. Assessment of HDAC3 inhibitory potency and isoform selectivity of the synthesized 

small molecules using fluorophore coupled biochemical HDAC enzyme inhibition assays.  
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3. To evaluate their in vitro cytotoxicity by using MTT assay protocol in different 

cancer cell lines and normal human cell lines. 

4. To determine the mechanism and extent of cell death via various studies in vitro. 

5. To evaluate pharmacokinetic properties of the lead molecule from the series. 

6. To evaluate the therapeutic efficacy of the lead molecule in tumor xenograft mouse 

model using various studies. 

Objective II 

To identify and develop novel chemotypes of pyrazino-hydrazide based small molecules 

as HDAC3 selective inhibitors as promising anti-breast cancer agents. 

Specific aims: 

1. To design and synthesize a series of novel pyrazino-hydrazides with hydrazide as 

ZBG followed by their characterization using 1H NMR, 13C NMR, HPLC/LC-MS, HRMS 

spectroscopy. 

2. Assessment of HDAC3 inhibitory potency and isoform selectivity of the synthesized 

small molecules using fluorophore coupled biochemical HDAC enzyme inhibition assays.  

3. To evaluate their in vitro cytotoxicity by using MTT assay protocol in different breast 

cancer cell lines and normal human cell lines. 

4. To determine the mechanism and extent of cell death via various studies in vitro. 

5. To determine the metabolic stability of the lead molecule by microsomal assay. 

6. To evaluate pharmacokinetic properties of the lead molecule from the series. 

7. To evaluate the therapeutic efficacy of the lead molecule in 4T1-Luc tumor xenograft 

mouse model using various studies.
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3.1. INTRODUCTION 

 

Epigenetic modifications regulating the gene expression has been strongly linked to cancer 

and several other diseases (Barter and Foster, 2018; Biswas and Rao, 2017). In particular, 

the modifications targeting the histone proteins have been widely explored and are found 

to be a promising target for drug discovery associated with epigenetic research (Berger, 

2002; Strahl and Allis, 2000). Among PTMs of histones, the histone acetylation has been 

studied most extensively and it is found to be highly correlated with different types of 

cancers, neurodegenerative disorders and inflammatory diseases (Gräff and Tsai, 2013; 

Lawrence et al., 2016; Shahbazian and Grunstein, 2007). The reversible process of 

acetylation is modulated and balanced by the activity of HATs and HDACs. HATs and 

HDACs are involved in the acetylation and deacetylation of the lysine residues at the N-

terminal region of histones, respectively (Bannister and Kouzarides, 2011; Yang and Seto, 

2007). Due to acetylation, the open state of chromatin leads to gene expression whereas the 

closed or compact state of chromatin upon deacetylation leads to repression in transcription 

and expression of genes (Bannister and Kouzarides, 2011; Grunstein, 1997; Gryder et al., 

2019a, 2019b; Kornberg, 1974). 

HDACs are widely explored for their critical roles in various diseases including cancer 

(Adhikari et al., 2021; Li and Seto, 2016; Pulya et al., 2020). HDACs are known to target 

not only H3 and H4 histone proteins but also several non-histone proteins having effects 

on various downstream pathways and thus, influencing several cellular mechanisms 

including apoptosis, cell proliferation, cell differentiation and survival (Adhikari et al., 

2021; Carew et al., 2008; Rosato et al., 2003; Sambucetti et al., 1999; Schölz et al., 2015; 

Telles and Seto, 2012). HDACs are found to be overexpressed in several cancers and the 

overexpression may be associated with the alteration activity of various oncogenes 

including tumor suppressor genes, leading to disease progression (Spurling et al., 2008; 
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Yin et al., 2017). Therefore, inhibiting HDACs is believed to be one of the most promising 

approaches in anticancer drug discovery. The therapeutic potential of HDACis has already 

been proven as anticancer agents. A variety of HDACis have been approved clinically such 

as SAHA (vorinostat), FK228 (romidepsin), PXD-101 (belinostat), LBH589 (panobinostat) 

and chidamide for the management of several cancers like cutaneous T-cell lymphoma 

(CTCL), multiple myeloma (MM) and peripheral T-cell lymphoma (PTCL) (Banerjee et 

al., 2019; Barbarotta and Hurley, 2015; Lee et al., 2015; Lu et al., 2016; Mann et al., 2007; 

Raedler, 2016). Apart from that, several HDACis have been evaluated in various phases of 

clinical and preclinical trials for their potential anticancer properties (Adhikari et al., 2021; 

Connolly et al., 2017; Khan and Thangue, 2012; Li et al., 2020; Li and Seto, 2016; Minami 

et al., 2014; Wang et al., 2015). Though HDACis are well-recognized as anticancer agents, 

their non-specific mechanism of action towards different HDAC isoforms may lead to 

unwanted off-target adverse effects as well as dose-related toxicities (Balasubramanian et., 

2009). Hence, there is a pressing need for identifying and developing isoform-selective 

HDACis to understand the underlying mechanisms of the specific HDAC isozyme in the 

disease progression and downstream pathways. 

Among the 18 different classical human HDAC isoforms, HDAC3 has emerged as a crucial 

regulator of various stages of cancer progression and its related pathogenesis (Adhikari et 

al., 2018, 2021; Minami et al., 2014; Spurling et al., 2008; Wilson et al., 2006; Yin et al., 

2017). Various studies reported the crucial role of HDAC3 overexpression in several 

pathways and downstream signalling cascades in variety of cancers and other disease 

conditions such as inflammation and several neurological disorders (Adhikari et al., 2021; 

Amin et al., 2019; Bhaskara et al., 2010; Spurling et al., 2008; Yin et al., 2017). Moreover, 

HDAC3 is structurally well-characterized and is found to remain as a steady complex with 

NCoR and SMRT, thus modulating the repression of various receptors and transcriptional 
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regulators (Adhikari et al., 2018; Watson et al., 2012). Interestingly, HDAC3 is unique 

compared to other HDACs regarding the substrate specificity as well as for its differences 

in the amino acid residues located in the foot pocket thus providing a rationale for designing 

HDAC3-selective inhibitors (Cao et al., 2018). Therefore, specific HDAC3 inhibition 

would be a promising therapeutic strategy for combating various cancers like breast cancer, 

pancreatic cancer, colorectal cancer, prostate cancer, colon cancer, lymphoma, leukemia, 

glioma, myeloma, melanoma and Ewing’s sarcoma (Adhikari et al., 2021; Routholla et al., 

2021b). 

HDACis consist of a general pharmacophoric structure containing a cap region acting as a 

surface binding region, a linker function interacting with the hydrophobic pocket/groove 

including the internal cavity, and a zinc-binding group (ZBG) that binds to the catalytic site 

of these enzymes (Trivedi et al., 2019). Depending on the type of ZBGs, HDACis are 

classified into four major chemical classes, i.e., hydroxamates, benzamides, short-chain 

fatty acids and cyclic tetrapeptides (Routholla et al., 2021a). Most of the HDACis including 

those approved by USFDA namely vorinostat, belinostat and panobinostat belong to the 

hydroxamate class. Hydroxamates have very strong Zn2+ metal chelating properties which 

also renders it non-specific towards almost all HDAC isoforms leading to unwanted off-

target side effects along with undesirable clinical toxicities (Subramanian et al., 2010). 

Despite their potent inhibitory activities, these are being administered mostly in large doses 

clinically because of their inactivation during metabolism caused by the glucuronidation of 

the hydroxamate function in vivo (Kang et al., 2010; McClure et al., 2016; Shah, 2019; 

Wang et al., 2013). This might be the reason for their poor pharmacokinetic profiles in 

clinical applications. With the literature reports claiming the increase of isoform specificity 

reduces the unwanted toxicities and off-target activities, a variety of highly selective Class 

I HDACis with aminobenzamide as ZBG were identified and evaluated in preclinical and 



Chapter 3: Benzoyl hydrazides as HDAC3 inhibitors 
 

[43] 

 

clinical studies (Adhikari et al., 2018; Balasubramanian et al., 2009; Cao et al., 2018; 

Kashyap and Kakkar, 2020). Several small molecule inhibitors of benzamide class such as 

MS-275, CI-994, RGFP966, BG-45, BRD3308 were extensively studied for their clinical 

utility against different cancers and were selective towards class I HDACs preferentially 

towards HDAC 1/2 or HDAC3 (Hess-Stumpp et al., 2007; LoRusso et al., 1996; Minami 

et al., 2014; Sarkar et al., 2020; X. Yu et al., 2020). Nevertheless, modifications over these 

lead compounds at either cap or linker region along with various substitutions on 

benzamide moiety have further enhanced their isoform specificity and potency (Adhikari 

et al., 2018; Hamoud et al., 2020; Hsieh et al., 2017; Nepali et al., 2020; Routholla et al., 

2021a; Singh et al., 2021; Trivedi et al., 2019). Though several benzamide-based HDACis 

are reported to date, these are mostly limited to preclinical studies and most of them did not 

achieve clinical utility due to their metabolic instability caused by the glucuronidation of 

the aminobenzamide moiety (Acharya et al., 2006; Kummar et al., 2007; Suresh et al., 2017; 

Thomas et al., 2008). Therefore, all these limitations with hydroxamates and other ZBG 

motifs have led to the need for the identification and development of novel chemotypes 

which can overcome these metabolic instabilities as well as enhance the isoform specificity 

leading to much potent and selective HDACis with enhanced clinical properties in vivo. 

Towards this end, novel molecules comprising hydrazide as ZBG were identified recently 

by Wang and group (Wang et al., 2015) showing enhanced potency and selectivity towards 

class I HDAC isoforms particularly HDAC 1, 2 and 3. They identified a lead compound 

UF010 from their high throughput screening experiments that were found to alter histone 

acetylation levels correlating with the in vitro cytotoxic activities. UF010 was found to 

activate tumor suppressor genes causing significant anticancer potential (Wang et al., 

2015). Furthermore, reports on HDACis with hydrazide scaffold have suggested that this 

novel hydrazide ZBG is impervious to glucuronidation-dependent inactivation and may 
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offer a better pharmacokinetic profile (Jiang et al., 2022; Li et al., 2020, 2018; Mahmud 

and Liao, 2015; McClure et al., 2016; Son et al., 2019). 

In this chapter, a series of compounds comprising benzoyl hydrazide scaffold (hydrazide 

as the ZBG) with various modifications on the cap region have been designed and 

synthesized. For the first time ever, we demonstrated the antitumor properties in the 4T1-

Luc tumor xenograft model. From various reports on class I HDAC selectivity (namely 

HDAC1, HDAC2 and HDAC3) of hydrazide analogues, we envisioned that further 

substitution with acetyl, aryl or aroyl moieties on the cap region may contribute to the 

selectivity among the class I HDACs, particularly HDAC3. Here, in this study, such type 

of hydrazide compounds were evaluated for HDAC3 inhibition and selectivity assessment 

was performed over other HDAC isoforms. The lead compound was subjected to rigorous 

in vitro and in vivo biological assessments with the evaluation of pharmacokinetic 

properties. The expression of apoptotic markers along with several proliferative markers 

upon treatment of the lead compound was also studied by western blot analysis. 

3.2. RESULTS AND DISCUSSION 
 

3.2.1. Designing novel benzoyl hydrazide analogues. 

 

In our quest to explore HDAC3-selective inhibitors, we started with a goal of designing 

and synthesizing potent and selective hydrazide-based HDACis with preferential HDAC3 

isoform selectivity. Previous studies indicated that the 3-carbon chain on the hydrazide 

resulted in an excellent inhibitory profile when compared to n-butyl or di-N-substituted 

hydrazides (Li et al., 2018; McClure et al., 2016). Considering UF010 (Wang et al., 2015) 

as the reference compound, here, we designed and synthesized some benzoyl hydrazide-

based analogues with either n-butyl or n-propyl aliphatic carbon chain attached with the 

hydrazide motif and incorporating different amino substituents at the para position of the 

benzoyl hydrazide moiety in the cap region. The design of the compounds is represented in 
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Figure 3.1. 

 

Figure 3.1. Design of the novel hydrazide ZBG containing compounds as potential 

HDAC3 inhibitors. 

3.2.2. Synthesis of the designed compounds 

 

The synthesis of the designed compounds (3a – 3e, 4a – 4e) is represented in Schemes 3.1 

to 3.3. The starting materials were directly procured from the commercial source and were 

used directly without further purification. The corresponding esters (1a – 1e) were 

synthesized following reactions a, b, c, d and e under different reaction conditions. 

 

Scheme 3.1. Synthesis of 3a – 3c and 4a – 4c (Reagents and conditions): (i) (a) acetic 
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anhydride, dry DCM, 2 – 4 h, rt; (b) benzoyl chloride, NaHCO3, THF, 10 h, rt; (c) 

phenylacetyl chloride, Et3N, dry DCM, 8 h, rt; (ii) NH2NH2.H2O, MeOH, 6 h, reflux; (iii) 

(a) propionaldehyde (or) butyraldehyde, catalytic PTSA, MeOH, 2 – 3 h, rt; (b) NaBH3CN, 

MeOH, pH 5, 10 mins, rt. 

 

Scheme 3.2. Synthesis of 3d and 4d (Reagents and conditions): (i) (a) benzaldehyde, EtOH, 

6 h, rt; (b) NaBH4, 2 h, rt; (ii) NH2NH2.H2O, MeOH, reflux, 6 h; (iii) (a) propionaldehyde 

(or) butyraldehyde, catalytic PTSA, MeOH, 2 – 3 h, rt; (b) NaBH3CN, MeOH, pH 5, 10 

mins, rt. 

 

Scheme 3.3. Synthesis of 3e and 4e (Reagents and conditions): (i) aniline, Pd2(dba)3, 

XPhos, DIPEA, K2CO3, 12 h, reflux; (ii) NH2NH2.H2O, MeOH, reflux, 6 h; (iii) (a) 

propionaldehyde (or) butyraldehyde, catalytic PTSA, MeOH, 2 – 3 h, rt; (b) NaBH3CN, 
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MeOH, pH 5, 10 mins, rt.  

The obtained methyl esters (1a – 1e) were reacted with the excess of hydrazine 

monohydrate to obtain the respective hydrazides (2a - 2e). These hydrazides (2a - 2e) were 

further reacted with either butyraldehyde or propionaldehyde and eventually reduced with 

sodium cyanoborohydride under acidic conditions to obtain target final compounds (3a - 

3e, 4a - 4e).  

The synthesis of acetyl, benzoyl and phenyl acetyl protected amino esters was carried out 

by using commercially available methyl 4-amino benzoate (1) as per Scheme 3.1. 

Acetylation was facilitated by reacting (1) with acetyl chloride using dry dichloromethane 

(DCM) as solvent at room temperature to obtain 1a. Compound 1b was obtained by treating 

(1) with benzoyl chloride using sodium bicarbonate as the base and tetrahydrofuran as 

solvent. Treating (1) with phenylacetyl chloride using triethylamine as a base and dry DCM 

as solvent yielded compound 1c. Similarly, compound 1d was synthesized by treating (1) 

with benzaldehyde in the presence of ethanol, subsequently followed by reduction using 

sodium borohydride (NaBH4) at room temperature for 2 hours as represented in Scheme 

3.2. Another starting material, methyl 4-chloro benzoate (3) was reacted with aniline as per 

Buchwald-Hartwig reaction conditions to obtain 1e as shown in Scheme 3.3.  

The resulting methyl esters (1a - 1e) were treated with hydrazine monohydrate and refluxed 

in the solvent methanol to obtain corresponding hydrazides 2a – 2e, which were carried for 

the next reaction without further purification. The resultant hydrazides (2a – 2e) were 

reacted with butyraldehyde or propionaldehyde in the presence of p-toulenesulphonic acid 

(PTSA) as the catalyst in methanol for 2 – 3 h at room temperature and the obtained imine 

intermediate was further reduced using 1.5 equivalents of sodium cyanoborohydride for 

about 10 mins under acidic conditions to obtain the target compounds (3a – 3e and 4a – 

4e). The detailed experimental procedure was described in the chemistry experimental 
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section. All the novel compounds were confirmed for their purity percentage using HPLC 

analysis and all the compounds were found to be >95% pure as per our HPLC reports. The 

final compounds were further characterized by 1H, 13C NMR and HRMS and all the 

obtained spectra are provided in the supporting information section (Spectra 3.1 – 3.49). 

Structures of the designed compounds (3a – 3e and 4a – 4e) are listed in Table 3.1. 

Table 3.1. Structures of the designed compounds. 

 

Compound R R′  

3a CH3CO n-Butyl  

4a CH3CO n-Propyl  

3b PhCO n-Butyl  

4b PhCO n-Propyl  

3c PhCH2CO n-Butyl  

4c PhCH2CO n-Propyl  

3d Benzyl n-Butyl  

4d Benzyl n-Propyl  

3e Ph n-Butyl  

4e Ph n-Propyl  

 

3.2.3. Inhibition of Class I and Class II HDACs. 

 

With the primary goal of identifying HDAC3-selective inhibitors, initially, all these 

synthesized compounds of the series (3a – 3e and 4a – 4e) were screened against HeLa 

nuclear extract for % pan-HDAC inhibition (at 10 µM concentration) as well as 

recombinant HDAC3/NCoR1 enzyme for % HDAC3 inhibition (at 1 µM and 0.0625 µM 

compound concentration), keeping UF010 as the reference molecule in duplicate (Figure 

3.2 & 3.3, Table 3.2). Testing these compounds at two different doses for their % inhibition 
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of HDAC3 activity, further helped us to identify the most potent compounds from the series 

for the determination of their IC50 values and subsequent other biological and 

pharmacological characterizations. From the results obtained, it was found that all the 

tested compounds except 3b, exhibited more than 50% and 10% HDAC3 activity inhibition 

at 1 µM and 0.0625 µM concentrations, respectively. The compounds that were found to 

inhibit HDAC3 activity with more than 80% enzyme inhibition at 1 µM concentration and 

more than 30% enzyme inhibition at 0.0625 µM concentration and showed more than ~10-

fold HDAC3 selectivity over pan-HDAC, were further evaluated for their IC50 

determination (Table 3.2) against HDAC3. All the compounds exhibited nanomolar 

potency towards HDAC3 inhibition with 4c and 4e being the most potent among them, 

possessing HDAC3 IC50 values of 30.67 nM and 15.41 nM, respectively. It was noticed 

that compounds 4c, 4d and 4e with the n-propyl group attached to the hydrazide moiety 

displayed a comparatively better HDAC3 inhibitory profile than the compounds 3c and 3d 

with the n-butyl group associated with the hydrazide moiety (Table 3.3). These results 

reaffirmed the idea previously reported, that n-propyl substitution attached to the hydrazide 

function is more favourable for enhancing efficacy as well as selectivity towards HDAC3 

isozyme (Li et al., 2020; McClure et al., 2016). Considering the higher inhibitory profiles 

of 4c and 4e against HDAC3 compared to the reference compound UF010 (IC50 = 256.7 

nM) as depicted in Figure 3.5A, their selectivity profiles against different HDAC isoforms 

was determined. Further, two most potent compounds (4c and 4e) against several HDAC 

isoforms, i.e., class I HDACs (HDAC1, HDAC2 and HDAC8), class IIa HDACs (HDAC4 

and HDAC5) as well as class IIb HDAC (HDAC6) were evaluated to determine their 

selectivity profiles towards HDAC3 isoform. The initial screening of the compounds was 

done with a single concentration as per the Vendor’s recommendation (Figure 3.4). The 

IC50 values obtained by the dose-response curves against HDAC1, HDAC2, HDAC8 and 
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HDAC6 are represented in Figure 3.5B – 3.5E and the IC50 values against different HDAC 

isoforms are tabulated in Table 3.4.  

 

Figure 3.2. Graph represents the % inhibitory activity of the novel synthesized compounds 

for their pan-HDAC inhibitory activity. All novel compounds were screened at 10 µM 

concentrations for Hela nuclear extract enzyme. [Data represents mean ± SD (n=2)]. 

 

Figure 3.3. Graph represents the % inhibitory activity of the novel synthesized compounds 

on recombinant HDAC3 enzyme. All compounds were screened at 1 µM and 0.0625 µM 

concentrations for HDAC3 enzyme. [Data represents mean ± SD (n=2)]. 

Table 3.2.  pan-HDAC and HDAC3 enzyme inhibition (%) data of the synthesized 
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compounds with 10 µM concentration of compounds against Hela nuclear extract (pan-

HDACs) and 1 µM and 0.0625 µM concentration of compounds against human 

recombinant HDAC3 enzymes. Data represents mean ± SD (n = 2). 

Compound 

code 

% Inhibition 

Pan-HDAC 

(10 µM) 

HDAC3 

(1 µM) 

HDAC3 

(0.0625 µM) 

3a 61.32 ± 1.22 61.15 ± 0.06 19.43 ± 0.96 

4a 67.97 ± 2.60 71.68 ± 0.26 18.92 ± 0.01 

3b 39.42 ± 1.99 30.91 ± 0.57 8.72 ± 1.04 

4b 38.58 ± 0.42 57.22 ± 0.26 12.81 ± 0.17 

3c 68.53 ± 2.78 91.88 ± 0.97 62.19 ± 1.32 

4c 62.03 ± 4.90 94.35 ± 0.99 81.18 ± 3.43 

3d 72.71 ± 2.38 87.37 ± 0.27 34.98 ± 3.47 

4d 75.01 ± 3.68 98.21 ± 0.27 68.43 ± 4.07 

3e 51.11 ± 4.19 65.53 ± 3.55 11.25 ± 0.97 

4e 81.06 ± 0.85 97.48 ± 0.04 87.59 ± 2.87 

UF010 58.06 ± 3.43 57.39 ± 1.09 32.52 ± 3.41 

 

Table 3.3. Data representing the HDAC3 IC50 values (nM) of selected compounds.  

S. 

No 

Compound code HDAC3 IC50 (nM) 

1 3c 36.67 ± 0.99 

2 4c 30.67 ± 0.78 

3 3d 212 ± 1.98 

4 4d 32.88 ± 1.25 

5 4e 15.41 ± 0.57 

6 UF010 256.7 ± 2.69 

*Values represent mean ± S.D. (n = 2). 
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Figure 3.4. Graphs represent the % inhibitory activity of 4c, 4e and UF010 compounds on 

human recombinant (A) HDAC1 isozyme with 5 µM compound concentration; (B) 

HDAC2 isozyme with 5 µM compound concentration; (C) HDAC8 isozyme with 2 µM 

compound concentration; (D) HDAC6 isozyme with 10 µM compound concentration; (E) 

HDAC4 isozyme with 50 µM compound concentration; (F) HDAC5 isozyme with 50 µM 

compound concentration. The initial screening was done as per the vendor’s recommended 

concentration. [Data represents mean ± SD (n=2)]. 
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Figure 3.5. Graphs used in the calculation of IC50 values of compounds 4c, 4e and UF010 

against human recombinant HDAC isozymes (A) HDAC3; (B) HDAC1; (C) HDAC2; (D) 

HDAC8; (E) HDAC6. [Determination of IC50 was performed at the varied concentration 

range of 0.005 µM – 160 µM of these compounds in duplicate according to the protocol 

described. The IC50 values were estimated with the help of the nonlinear regression analysis 

method by Graph Pad Prism 8.0.1. Data represent mean ± SD (n = 2)]. 

Table 3.4. Inhibitory potency of compounds 4c, 4e and reference molecule UF010 against 

human recombinant class I and class II HDACs as compared with HDAC3 selective 

inhibitors previously reported from our group BG-45 (Minami et al., 2014) and PT3 (Pulya 

et al., 2021). 
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HDAC 

class 

Isoforms 

IC50
a (nM) 

4c 4e UF010 BG-45b PT3c 

I 

HDAC1 

249.3 

±11.2 

288.5 

±12.6 

1420 

±77.9 

2302 ± 

62.3 

1053 ± 98 

HDAC2 931 ±28.8 534 ±22.6 322 ±39.5 

2362 ± 

156 

2083 ± 129 

HDAC3 

30.67 

±2.58 

15.41 

±1.04 

256.7 

±28.6 

566 ± 12 245 ± 16 

HDAC8 

2991 

±39.5 

2352 

±169.8 

3970 

±99.7 

2850 ± 

198 

1561 ± 165 

IIa 

HDAC4 >50000 >50000 >50000 ND ND 

HDAC5 >50000 >50000 >50000 ND ND 

IIb HDAC6 

46534 

±268 

49022 

±567 

18935 

±143 

34152 ± 

123 

37182 ± 268 

aIC50 values are represented as the mean of duplicate values ± standard deviation (n = 2). b 

and c; values previously obtained in our lab. 

Both these compounds (4c and 4e) were found to be highly promising and excellent 

HDAC3-selective inhibitors compared to the other HDACs (Figure 3.5). Compound 4e 

was the most potent HDAC3-selective inhibitor having an HDAC3 IC50 value of 15.41 nM 

and with IC50 values of 288.5 nM, 534 nM, 2352 nM and 49.02 µM towards HDAC1, 

HDAC2, HDAC8 and HDAC6, respectively with no inhibitory activity against HDAC4 

and HDAC5 up to 30 µM concentration. Compound 4e displayed about ~18.72, 34.65, 

>100, >1000, >1000, >1000 - fold selectivity over HDAC1, HDAC2, HDAC8, HDAC6, 

HDAC4 and HDAC5, respectively. Similarly, compound 4c exhibited the HDAC3 IC50 

value of 30.67 nM and with IC50 values of 249.3 nM, 931 nM, 2991 nM and 46.53 µM 

towards HDAC1, HDAC2, HDAC8 and HDAC6, respectively with no inhibition against 

HDAC4 and HDAC5 up to 30 µM concentration with an HDAC3 selectivity profile over 
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~8.12, 30.35, 97.52, >1000, >1000, >1000 – fold over HDAC1, HDAC2, HDAC8, 

HDAC6, HDAC4 and HDAC5, respectively. Interestingly, both the compounds (4e and 

4c) displayed preferential HDAC3-selectivity when compared to the reference compound 

UF010 and also HDAC3 selective positive controls BG-45 and PT3 (Minami et al., 2014; 

Pulya et al., 2021; Wang et al., 2015). These compounds (4e and 4c) also exhibited 16.65 

and 8.36 times higher IC50 values (potency) for HDAC3 compared to the reference 

molecule UF010. Overall, the novel series of hydrazide compounds except 3b with 

different aromatic cap group substitutions exhibited higher % inhibition values than the 

reference compound UF010. Among these, compounds containing phenylacetyl (4c) and 

phenyl (4e) substitution at the para-amino group of the benzoyl hydrazide scaffold with n-

propyl substituted hydrazide analogue are the most active and selective towards HDAC3 

compared to other class I HDACs and the representative class II HDACs. 

3.2.4. In vitro cytotoxic efficacy of the novel series of compounds. 

The in vitro screening of these synthesized molecules against a variety of cancer cell lines 

was conducted to assess the cytotoxic effects. Considering the implication of HDAC3 in 

different cancers (Hsieh et al., 2017; Sarkar et al., 2020; Spurling et al., 2008), these 

compounds including the reference molecule UF010 were screened against the diverse 

cancer cell lines such as murine breast cancer cell line 4T1, human breast cancer cell line 

MCF-7, murine melanoma cell line B16F10 and non-small cell lung cancer cell line A549 

with the help of MTT assay. The initial evaluation of these compounds and the reference 

compound UF010 was performed at two distinct concentrations (10 μM and 100 μM, 

Figure 3.6 – 3.9) followed by their IC50 value determination against the same set of cell 

lines suggested their significant cytotoxic activity (Figure 3.10A – 3.10D). It is noteworthy 

that all these compounds were found to be potent with less than 25 μM of IC50 value towards 

all the cancer cell lines tested. Again, these compounds also exhibited comparable 
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cytotoxicity to that of UF010 (Table 3.5).  

 

Figure 3.6. Cytotoxicity of the synthesized compounds in murine melanoma cells 

(B16F10) when treated with compounds at 100 µM and 10 µM in duplicate for 72 h. Cell 

viability was measured by MTT reagent. Data represents mean ± SD (n=2). 

 

Figure 3.7. Cytotoxicity of the synthesized compounds in Human breast cancer cells 

(MCF-7) when treated with compounds at 100 µM and 10 µM in duplicate for 72 h. Cell 

viability was measured by MTT reagent. Data represents mean ± SD (n=2). 
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Figure 3.8. Cytotoxicity of the synthesized compounds in human non-small cell lung 

cancer cells (A549). Cells were treated with compounds at 100 µM and 10 µM in duplicate 

for 72 h. Cell viability was measured by MTT reagent. Data represents mean ± SD (n=2). 

 

Figure 3.9. Cytotoxicity of the synthesized compounds in mouse breast cancer cells (4T1). 

Cells were treated with compounds at 100 µM and 10 µM in duplicate for 72 h. Cell 

viability was measured by MTT reagent. Data represents mean ± SD (n=2). 
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Figure 3.10. Graph (A), (B), (C), (D) represents the IC50 results of the synthesized 

compounds by MTT assay in B16F10, MCF-7, A549 and 4T1 cells respectively. Cells were 

treated with the compounds at concentration range of 0.097 µM to 100 µM (n=2) for 72 h. 

Data represents mean ± SD.  

 

Figure 3.11. Cytotoxicity of the synthesized compounds in Human embryonic kidney cells 

(HEK-293). Cells were treated with compounds at 100 µM and 10 µM in duplicate for 72 

h. Cell viability was measured by MTT reagent. Data represents mean ± SD (n=2). 
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Figure 3.12. Cytotoxicity of the synthesized compounds in Human corneal epithelial cells 

(HCEC). Cells were treated with compounds at 100 µM and 10 µM in duplicate for 72 h. 

Cell viability was measured by MTT reagent. Data represents mean ± SD (n=2). 

 

Figure 3.13. Cytotoxicity of the synthesized compounds in Raw 264.7 cells. Cells were 

treated with compounds at 100 µM and 10 µM in duplicate for 72 h. Cell viability was 

measured by MTT reagent. Data represents mean ± SD (n=2). 
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Figure 3.14. Graph (A), (B) and (C) represents the IC50 results of the selected compounds 

for their toxicity by MTT assay against normal human cells (HEK-293), human corneal 

epithelial cells and Raw 264.7 cells respectively, and the here cells were treated with the 

compounds at the concentration range from 7.81 µM to 2000 µM (n=2) for 72 h. Data 

represents mean ± SD. 

Table 3.5.  IC50 (µM) values of all compounds towards various cancer cells and normal 

HEK-293, HCEC and Raw 264.7 cells. 

Cpda 

IC50 (µM) 

In vitro cytotoxicity 

B16F10 A549 MCF-7 4T1 HEK-293 HCEC Raw 264.7 

3a 
3.59 ± 

0.51 

17.63 ± 

2.69 

10.12 ± 

1.24 

4.48 ± 

0.64 

127.1 ± 

11.5 

152.8 ± 

13.5 

141.2 ± 15.6 

4a 
2.85 ± 

0.06 

23.39 ± 

3.87 

12.81 ± 

3.48 

8.64 ± 

1.68 

79.17 ± 

9.89 

139.8 ± 

8.64 

127.6 ± 14.6 

3b 
5.73 ± 

0.56 

18.80 ± 

4.56 

17.16 ± 

2.98 

4.55 ± 

0.87 

106.9 ± 

23.2 

195.6 ± 

11.6 

181.9 ± 12.9 

4b 
11.68 ± 

1.24 

13.13 ± 

3.68 

25.65 ± 

4.06 

9.74 ± 

1.25 

111.2 ± 

28.9 

148.0 ± 

7.69 

131.1 ± 9.89 

3c 
2.34 ± 

0.98 

7.79 ± 

1.96 

7.98 ± 

0.57 

13.13 ± 

2.16 

125.2 ± 

27.9 

177.6 ± 

15.8 

204.8 ± 21.8 
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4c 
9.13 ± 

1.06 

16.00 ± 

2.88 

8.53 ± 

1.68 

5.56 ± 

0.82 

97.53 ± 

15.9 

128.0 ± 

9.67 

136.0 ± 11.8 

3d 
10.21 ± 

1.24 

16.54 ± 

3.89 

12.15 ± 

2.88 

7.25 ± 

1.66 

328.1 ± 

32.7 

219.7 ± 

24.6 

292.1 ± 34.6 

4d 
17.91 ± 

2.59 

21.68 ± 

4.87 

11.65 ± 

1.49 

1.55 ± 

0.64 

251.6 ± 

21.9 

220.1 ± 

6.8 

229.0 ± 19.6 

3e 
9.81 ± 

1.58 

22.34 ± 

4.66 

14.59 ± 

4.06 

3.08 ± 

0.77 

192.1 ± 

17.8 

186.7 ± 

9.16 

185.4 ± 10.6 

4e 
7.21 ± 

1.67 

19.87 ± 

1.99 

12.84 ± 

2.58 

1.92 ± 

0.28 

154.7 ± 

24.8 

163.6 ± 

19.5 

165.6 ± 15.4 

UF010 
2.41 ± 

0.76 

20.81 ± 

4.99 

17.93 ± 

3.24 

8.40 ± 

1.65 

98.52 ± 

11.9 

95.4 ± 

6.98 

121.1 ± 11.3 

aCompound; IC50 values were determined by the MTT assay and are the mean of duplicate 

values (from the same cultures) ± the standard deviation (n = 2).  

These compounds were found to be most potent in 4T1 cells having IC50 in the range of 

1.55 μM – 13.13 μM followed by B16F10 cells with IC50 in the range of 2.34 μM – 17.91 

μM among the cell lines tested. It was also noticed that these compounds were 

comparatively moderately active towards the A549 cell line with IC50 in the range of 7.79 

μM – 23.39 μM and MCF-7 cell line with IC50 in the range of 7.98 μM – 25.65 μM. The 

results obtained suggested a higher inhibitory effect for the murine cancer cell lines when 

compared to that of the human cancer cell lines used. Interestingly, the HDAC inhibitory 

potency of the compounds correlated with their cytotoxic activity in vitro. The compounds 

with N-acetyl substitution (3a and 4a) were the least active among all with higher IC50 

values when compared to the compounds containing N-aryl/aroyl substitution further 

suggesting that the presence of aromatic substitution is essential for the cytotoxic activity. 

This observation is well correlated with that of our molecular docking results described in 

the following section. The most potent and HDAC3-selective compounds 4c and 4e 

exhibited significant cytotoxicity; compound 4c with IC50 values of 9.13 μM, 16 μM, 8.53 

μM, 5.56 μM against B16F10, A549, MCF-7 and 4T1 cell lines, respectively whereas 

compound 4e with IC50 values of 7.21 μM, 19.87 μM, 12.84 μM, 1.92 μM against the same 
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set of cell lines, B16F10, A549, MCF-7 and 4T1 cell lines, respectively. Further, we have 

also tested the compounds for their in vitro cytotoxicity against normal human embryonic 

cell line (HEK-293), human corneal epithelial cells (HCEC) and Raw 264.7 (murine 

macrophage) cells. Interestingly, all the tested compounds were preferentially selective 

towards cancer cell lines, and the compounds exhibited less cytotoxicity towards normal 

cell lines used [Table 3.5 and Figure 3.11 – 3.13 and 3.14A – 3.14C]. The lead compound 

4e exhibited more than 80-fold selectivity towards 4T1 cells and overall, more than 10-fold 

selectivity towards other cancer cell lines tested (except A549) over HEK-293, HCEC and 

Raw 264.7 cell lines.   

3.2.5. Selective inhibition of HDAC3 by compound 4e by western blot analysis of Ac-

H3K9, Ac-H4K12, Ac-H3K27 and Ac-Tubulin and Ac-SMC3. 

HDACis are known to target canonical H3 and H4 histones and enhance the cellular 

acetylation levels of specific lysine residues in particular H3K9, H4K12 and H3K27 

through the inhibition of HDACs (Grunstein, 1997). From the in vitro studies, compound 

4e was found to be the most effective HDAC3 inhibitor among other molecules of the series 

and it displayed significant cytotoxic activity against B16F10 and 4T1 cell lines. Therefore, 

the evaluation of the potential cellular acetylation levels of H3K9, H4K12 and H3K27 was 

carried out by treating cells with compound 4e and UF010 (as reference) in a dose-

dependent manner (5 µM and 10 µM) in B16F10 and 4T1 cells. It was observed from the 

results, that the compound 4e caused significant hyperacetylation on H3K9, H4K12 and 

H3K27 residues in a similar fashion to the reference compound UF010, well correlating 

with its HDAC3 inhibition results (Figure 3.15A, 3.15C – 3.15E). Tubulin and SMC3 are 

known acetylation substrates of the HDAC6 and HDAC8 histone deacetylase isoforms, 

respectively (Dasgupta et al., 2016; Zhang et al., 2003). For the purpose, we have used 

Tubastatin A (Butler et al., 2010), a selective HDAC6 inhibitor and PT5e (Trivedi et al., 
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2019), a selective HDAC8 inhibitor previously reported by our group as the positive control 

along with the compound 4e and UF010 in a dose-dependent manner (5 µM and 10 µM). 

The results are depicted in Figure 3.15B, 3.15F and 3.15G. From the results obtained, it 

can be inferred that the compound 4e selectively inhibited HDAC3 through the 

hyperacetylation of H3K9, H4K12 and H3K27 and also no significant acetylation of tubulin 

and SMC3 was seen at 5 µM and 10 µM compound treatment concentration when 

compared to the positive controls.  

 

Figure 3.15 (A) Western blot analysis of Ac-H3K9 and Ac-H4K12 in the whole-cell lysate 

of B16F10-treated cells and Ac-H3K27 in the whole-cell lysate of 4T1-treated cells with 

compound 4e at two different doses (5 µM and 10 µM). Lanes 1, 2: vehicle, lanes 3, 4: 5 

µM of 4e and UF010 and lanes 5, 6: 10 µM of 4e and UF010; (B) Western blot analysis of 

Ac-Tubulin and Ac-SMC3 in the whole-cell lysate of 4T1-treated cells with compound 4e 

at two different doses (5 µM and 10 µM). Lanes 1, 2: vehicle, lanes 3, 4: 5 µM of 4e and 
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UF010 and lanes 5, 6: 10 µM of 4e and UF010 and lanes 7,8: 5 µM of PT5e in case of Ac-

SMC3 and 5 µM of Tubastatin A in case of Ac- Tubulin and (C), (D), (E), (F) and (G) 

Graphs representing the analysis of the blots obtained for Ac-H3K9, Ac-H4K12, Ac-

H3K27, Ac-SMC3 and Ac-Tubulin respectively. Results obtained were normalized to the 

housekeeping protein β-actin. [Image J software was used for the quantification of the 

results. Graph plotted and data analysed using one-way ANOVA analysis. Data represents 

mean ± the standard error of the mean of the respective proteins. **p <0.01***p <0.001, 

****p=0.0001]. 

3.2.6. Apoptosis and cell cycle analysis of 4c and 4e in B16F10 and 4T1 cells.  

The cytotoxic effects of HDACis were found to be mediated by cell cycle arrest, in 

particular, G1 and G2/M phase arrest and apoptosis (Carew et al., 2008; Marks et al., 2000; 

Marks and Jiang, 2005; Sambucetti et al., 1999; Telles and Seto, 2012; Xu et al., 2007). 

The cytotoxic activity of the lead compounds (4c and 4e) was also been explored in 

apoptosis and cell cycle arrest experiments using flow cytometry analysis and nuclear 

staining assay with B16F10 and 4T1 cells. The results demonstrated significant apoptotic 

activity and G2/M phase arrest of the cell cycle when B16F10 and 4T1 cells were treated 

with 4c, 4e and UF010 for a specified time gap. Cells were given treatment with the IC50 

concentration of these compounds as per the given protocol. Both these compounds (4c and 

4e) exhibited significant early and late apoptotic activity compared to the reference 

molecule UF010. Figure 3.16A and 3.16B indicates the % total apoptotic cell population 

in both B16F10 and 4T1 cells as denoted in the figures.  
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Figure 3.16. (A) Apoptosis analysis using Annexin V/PI assay double staining by flow 

cytometry. B16F10 and 4T1 cells from the same cultures were treated with vehicle 

Control, UF010, 4c and 4e at their respective in vitro IC50 concentrations for 72 h (X and 

Y-axis represent the intensities of annexin V and propidium iodide respectively); (B) 

Graphical representation of the total apoptotic percentage analysis in B16F10 and 4T1 

cells; (C) Cell cycle analysis in B16F10 and 4T1 cells treated with vehicle Control, 

reference compound UF010, 4c and 4e at 5 µM for 48 h. After the indicated treatment 

times, cell cycle analysis was carried out and subsequently analysed by Flow cytometer 

(BD Aria III) ®; (D) Graphical representation of the % cell population at various stages of 

the cell cycle in B16F10 and 4T1 cells, i.e., G1, S and G2/M phases. 

Table 3.6. Table indicates the % cell population in different phases of cell cycle in 

B16F10 and 4T1 cells respectively.a 
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a Data represents n = 3 experiments. 

The lead compounds 4c and 4e induced 42.7% and 45.7% apoptotic B16F10 cells in 

Annexin-V apoptosis assay, and 50.02% and 63.06% apoptotic 4T1 cells in the same assay. 

The results indicated that both the compounds are more active in both B16F10 and 4T1 cell 

lines in the said assay when compared with the same activity of the reference compound 

UF010 (15.95% apoptotic B16F10 cells, and 19% apoptotic 4T1 cells). Cell cycle analysis 

using B16F10 and 4T1 cells when exposed to 4c, 4e and UF010 at a defined concentration 

of 5 µM indicated that these compounds mainly blocked the G2/M transition phase showing 

an accumulation of G2/M phase cell population compared to control (Figure 3.16C and 

3.16D and Table 3.6). There is an exceptional decrease in the G1 phase population in the 

treated cells from 70.66% in control to 39.20%, 39.76% and 38.95% in B16F10 cells and 

from 69.29% in control to 38.48%, 38.17% and 36.22% in 4T1 cells in the case of UF010, 

4c and 4e, respectively. The simultaneous increase was noticed in the G2/M phase % cell 

population from 19.26% in control group cells to 46.62%, 42.48% and 49.43% in B16F10 

cells and from 14.97% in control group cells to 38.55%, 42.02% and 59.65% in 4T1 cells 

in the case of UF010, 4c and 4e respectively causing cell cycle arrest at the G2/M phase. 

Nuclear staining assay was performed for one of the promising compounds 4e along with 

the reference compound UF010 to examine the cytotoxicity caused by the treatment in 4T1 

cells (Figure 3.17). 

Cycle 

phase 

% Cell population 

B16F10 cells 4T1 cells 

Control UF010 4c 4e Control UF010 4c 4e 

G1 70.66 39.20 39.76 38.95 69.29 38.48 38.17 36.22 

S 10.08 14.18 17.76 11.62 15.74 22.97 19.81 4.13 

G2/M 19.26 46.62 42.48 49.43 14.97 38.55 42.02 59.65 
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Figure 3.17. Analysis of nuclear morphology in 4T1 cells based on DAPI and Acridine 

Orange staining following treatment by vehicle Control, UF010 (8.40 µM) and 4e (1.92 

µM) for 48 h. There was more nuclear fragmentation (NF) in 4e treated cells compared to 

UF010 as indicated by arrows whereas there were mostly intact nuclei in vehicle treated 

control cells. The stained nuclei were visualized employing a fluorescence microscope 

(Leica microsystems, Germany) on 20x Magnification.  Data represent mean ± standard 

deviation, n=3.  

Here, 4T1 cells were treated for 48 h followed by double staining using DAPI/ AO. AO 

staining result showed a change in the fluorescence pattern from green (normal cellular 

DNA) to orange (nicked cellular DNA). Increased fluorescence of AO in 4e treated cells 

revealed that chromosomal condensation occurred significantly compared to untreated 

cells, suggesting the cytotoxicity of the compound. A greater degree of apoptosis was 

observed in the cells treated with 4e than the reference compound UF010. Altogether, these 

results suggested the cytotoxic effects of this HDAC3 inhibitor (4e) that also made cell 

cycle arrest in G2/M phase. These in vitro results further encouraged studying the in vivo 

antitumor activity of the most potent compound, 4e. 

3.2.7. 4e displayed promising pharmacokinetic profile in i.v and i.p routes of 
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administration. 

One of the major limitations of the existing HDACis in the clinic is their poor 

pharmacokinetic (PK) profile followed by lower bioavailability and undesirable toxicities. 

To overcome these limitations, novel compounds with good PK properties along with 

reduced clinical toxicities are in need. Due to the promising in vitro cytotoxic activity 

results, the lead compound (4e) was subjected to detailed pharmacokinetic analysis after 

intravenous and intraperitoneal routes of administration. Most of the reported benzamides 

and hydroxamates were found to be administered at 50 mg/kg and 100 mg/kg doses in 

tumor xenograft models (Hess-Stumpp et al., 2007; Konsoula et al., 2009; LoRusso et al., 

1996; Minami et al., 2014; Prince et al., 2009; Saito et al., 1999). Given the better stability 

of compounds containing hydrazide moiety as ZBG (Jiang et al., 2022; Li et al., 2020; 

Wang et al., 2015), two doses (15 mg/kg and 25 mg/kg) were tried for the pharmacokinetic 

studies in male Wistar rats by intravenous (i.v.) administration of 4e and intraperitoneal 

administration of 4e and UF010 (Figure 3.18, Table 3.7 – 3.10). Compound 4e was 

dissolved in saline along with 5% DMSO and was administered intravenously and 

intraperitoneally at 15 mg/kg and 25 mg/kg body weight doses (n = 3) along with the 

reference compound UF010 at 25 mg/kg in the intraperitoneal route of administration. The 

mean plasma concentrations and time profiles of the resultant PK parameters are depicted 

in Figure 3.19 and Table 3.11. 

Table 3.7. Plasma concentration (µg/ml)-time data of 4e following an intravenous 

administration to male wistar rat (Dose: 15 mg/kg and 25 mg/kg). 

Tim

e 

Poin

t (h) 

15 mg/kg 25 mg/kg 

AUC 
Conc. 

(µg/ml) 

Averag

e 
STDev AUC 

Conc. 

(µg/ml) 

Averag

e 
STDev 

0.25 

70896

0 
28.8314 

24.4187 4.0477 

80402

0 

32.733

7 

30.2706 
4.2376

8 

58022

0 
23.5465 

80321

6 

32.700

7 

51522

0 
20.8782 

62482

0 

25.377

4 
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0.5 

79285

6 
32.2754 

26.7413 5.2052 

85366

8 

34.771

8 

32.1237 
2.8198

5 

64011

2 
26.0052 

79687

2 

32.440

3 

54116

8 
21.9434 

71693

6 

29.158

9 

1 

49110

8 
19.8884 

18.0399 
1.6025

3 

70624

4 

28.719

9 

26.3676 
2.3930

2 

42532

8 
17.1881 

58970

4 

23.935

9 

42179

6 
17.0431 

65087

2 

26.446

9 

2 

41231

2 
16.6538 

13.855 
2.4238

5 

64520

8 

26.214

4 

21.7312 
3.9002

8 

31032

0 
12.4669 

49045

2 

19.861

5 

30976

8 
12.4442 

47233

6 

19.117

8 

4 

30954

4 
12.435 

11.8088 
0.6897

3 

44974

8 

18.190

5 

17.2835 
0.8904

7 

29704

0 
11.9217 

42682

4 

17.249

5 

27628

0 
11.0695 

40638

8 

16.410

6 

6 

28062

4 
11.2478 

10.9683 
0.4515

3 

39033

2 

15.751

5 

15.6689 5.3183 
27969

2 
11.2096 

25777

2 

10.309

8 

26112

4 
10.4474 

51685

6 

20.945

4 

8 

26302

0 
10.5252 

9.41189 
1.4654

5 

29290

8 

11.752

1 

9.49136 2.131 
24922

4 
9.95885 

23079

6 

9.2023

6 

19545

6 
7.75163 

18980

4 

7.5196

1 

12 

17727

6 
7.00532 

3.96224 
3.1275

6 

15453

6 

6.0718

2 

3.61868 
2.1993

8 

10710

8 
4.12486 78760 

2.9611

5 

25056 0.75655 51036 
1.8230

5 

24 

10164 0.14522 

0.06684 0.0694 

12200 0.2288 

0.1363 
0.0803

9 
7652 0.0421 8984 

0.0967

8 

6948 0.0132 8656 
0.0833

2 

 

Table 3.8. Plasma concentration (µg/ml)-time data of 4e (Dose: 15 mg/kg and 25 mg/kg). 

and UF010 (Dose: 25 mg/kg) following an i.p administration to male wistar rats.  

 4e UF010 

Time 

Point 

15 mg/kg 25 mg/kg 25 mg/kg 

AUC 
Conc. 

(µg/ml) 

Average 

(STDev) 
AUC 

Conc. 

(µg/ml) 

Average 

(STDev) 
AUC 

Conc. 

(µg/ml) 

Average 

(STDev) 
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0.25 

1740 0.156366 

0.173189 

(0.07573) 

2486 0.25049 

0.176343 

(0.076428) 

2771 0.092926  

2529 0.255916 1276 0.097822 2544 0.066214 
0.09877 

(0.035837) 

1351 0.107285 1933 0.180717 3147 0.13717  

0.5 

7875 0.93043 

0.988974 

(0.123898) 

6151 0.71291 

0.544008 

(0.191045) 

8268 0.739768  

9467 1.131296 5117 0.582448 7019 0.592796 
0.737925 

(0.144216) 

7675 0.905196 3169 0.336666 9470 0.88121  

1 

13977 1.700331 

1.734691 

(0.443043) 

29045 3.601488 

3.18613 

(0.565855) 

33061 3.65721  

17889 2.193915 27569 3.415258 40332 4.512803 
3.798455 

(0.655243) 

10882 1.309829 20645 2.541644 29391 3.225354  

2 

58416 7.30728 

8.34437 

(0.899476) 

79797 10.00496 

11.09336 

(1.050764) 

75376 8.636499  

70358 8.814024 89056 11.17318 77122 8.841955 
8.562327 

(0.323163) 

71133 8.911807 96417 12.10194 71739 8.208527  

4 

24806 3.066645 

4.276843 

(1.883081) 

19759 2.429856 

2.742426 

(0.346945) 

8710 0.791779  

26794 3.317475 21755 2.681695 9216 0.851321 
0.817824 

(0.030463) 

51593 6.44641 25195 3.115726 8868 0.810372  

6 

18155 2.227476 

1.518601 

(0.635651) 

7795 0.920336 

0.900612 

(0.132388) 

6581 0.541256  

8421 0.99932 8601 1.022031 7169 0.610447 
0.608878 

(0.066851) 

11034 1.329007 6520 0.759467 7717 0.674931  

8 

7696 0.907845 

0.451692 

(0.400808) 

3365 0.361395 

0.437939 

(0.072063) 

5150 0.372867  

1736 0.155861 4051 0.447949 6052 0.479007 
0.415896 

(0.055847) 

2810 0.29137 4499 0.504474 5345 0.395813  

12 

2079 0.199138 

0.147155 

(0.048453) 

1777 0.161034 

0.152118 

(0.023391) 

3295 0.154586  

1603 0.13908 1846 0.16974 3658 0.197301 
0.161411 

(0.033011) 

1319 0.103248 1496 0.12558 3106 0.132346  

24 

1303 0.101229 

0.08756 

(0.01395) 

995 0.062368 

0.067373 

(0.007093) 

2433 0.053152  

1082 0.073345 1010 0.064261 2627 0.075981 
0.056761 

(0.017694) 

1199 0.088107 1099 0.07549 2331 0.04115   

 

Bioanalytical Summary 

Table 3.9. Optimized chromatographic conditions in HPLC. 

HPLC: Optimized chromatographic conditions 

Compound 4e UF010 

Column 
Phenomenex C18 

(150nmX4.4nm,5µm) 

Phenomenex C18 

(150nmX4.4nm,5µm) 

Mobile phase 
Water: Methanol 

(40:60) 

Water: Methanol 

(30:70) 

Injection 

volume 
10 µl 10 µl 

Run time 10 min 10 min 
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Flow rate 1 ml/min 1 ml/min 

Column temp 25 °C 25 °C 

Retention 

time 
6.8 min 7.3 min 

   

Table 3.10. Calibration curve data of 4e and UF010 in rat plasma. 

4e UF010 

Nominal  

Conc. (µg/ml) 

Calculated  

Conc.(µg/ml) 

% 

Accuracy  

Nominal  

Conc. 

(µg/ml) 

Calculated  

Conc.(µg/ml) 

% 

Accuracy  

0.25 0.2404128 91.32699463 50 49.62823892 99.25647784 

0.5 0.44722394 99.48739148 25 25.17047139 100.6818856 

1 1.02352941 100.8433237 12.5 13.20464334 105.6371467 

2 2.08260062 103.4518396 6.25 6.468040291 103.4886447 

4 4.14138287 103.2699463 3.125 2.992363089 95.75561884 

8 7.72070175 96.44119471 1.5625 1.40732155 90.06857923 

16 16.0944066 100.631976 0.78125 0.769068744 98.44079923 

Regression 

equation y = 24190.1x + 8498.8 

Regression 

equation 
y = 8465.9x + 2648.6 

Slope 24190.1 Slope 8465.9 

Intercept 8498.8 Intercept 2648 

R2 0.999 R2 0.999 

 

 

Figure 3.18. (A) Calibration curve of 4e in rat plasma; (B) Calibration curve of UF010 in 

rat plasma; (C) Representative chromatogram of blank in rat plasma (blank sample); (D) 

Representative chromatogram of 4e in rat plasma (standard); (E) Representative 

chromatogram of 4e in rat plasma (intravenous sample); (F) Representative chromatogram 
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of 4e in rat plasma (intraperitoneal sample); (G)  Representative chromatogram of UF010 

in rat plasma (standard); (H) Representative chromatogram of UF010 in rat plasma 

(intraperitoneal sample).  

 

Figure 3.19. (A) Mean plasma concentration-time profiles of compound 4e following a 

single intravenous administration to male wistar rats (n = 3; dose, 25 mg/kg, 15 mg/kg). 

(B) Mean plasma concentration-time profiles of compound 4e and UF010 following a 

single intraperitoneal administration to male Wistar rats (n = 3; dose, 4e: 25 mg/kg, 15 

mg/kg and UF010: 25 mg/kg). 

Table 3.11. Pharmacokinetic parameters of compound 4e (i.v and i.p) and UF010 (i.p) in 

plasma following an intravenous and intraperitoneal administration in male Wistar rats.a 

Parameters Data obtained 

Dose (mg/kg) 
4e (i.v) 4e (i.p) 

UF010 

(i.p) 

15 25 15 25 25 

Tmax (h) 0.5 0.5 2 2 2 

Cmax (μg/ml) 

[Cmax (μM)] 

26.74 ± 

5.21 

(99.28 ± 

19.32) 

32.12 ± 2.84 

(119.58 ± 

10.53) 

8.34 ± 

0.29 

(30.97 ± 

3.33) 

12.10 ± 

0.34 

(44.93 ± 

3.90) 

8.56 ± 

3.84 

(31.58 ± 

1.19) 

AUC 0-t [(μg/ml).h] 

[AUC 0-t [(μM).h]] 
 

159.38 ± 

39.37 

(591.74 ± 

146.17) 

199.91 ± 

35.78 

(742.26 ± 

126.54) 

28.88 ± 

1.28 

(107.22 ± 

12.27) 

48.95 

±0.50 

(187.36 ± 

6.68) 

21.73 ± 

13.45 

(80.13 ± 

5.17) 

AUC 0-inf [(μg/ml).h] 

[AUC 0-inf [(μM).h]] 

159.59 ± 

39.61 

200.43 ± 

36.11 

29.31 ± 

1.29 

49.99 ± 

0.85 

22.15 ± 

11.89 
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(592.57 ± 

147.06) 

(744.17 ± 

127.79) 

(108.82 ± 

10.55) 

(191.25 ± 

6.67) 

(81.69 ± 

5.84) 

AUMC 0-

inf[(μg/ml).h2] 

[AUMC 0-inf 

[(μM).h2]] 

909.34 ± 

368.72 

(3377.5 ± 

1368.91) 

1028.3 ± 

306.1 

(3817.8 ± 

1089.09) 

137 ± 6.3 

(478.96 ± 

46.95) 

302.67 ± 

18.45 

(1134.96 ± 

20.19) 

89.52 ± 

13.24 

(330.13 ± 

52.98) 

MRT 0-inf (h) 
5.69 ± 

1.01 
5.13 ± 0.58 

4.16 ± 

0.53 

4.03 ± 

0.65 

4.04 ± 

1.36 

t1/2 (h) 
2.19 ± 

0.34 
2.62 ± 0.18 

3.41 ± 

0.09 

4.54 ± 

0.84 

5.18 ± 

3.09 

Vz/F 

[(mg/kg)/(μg/ml)] 

[Vz/F 

[(mg/kg)/(μM)]] 

0.29 ± 

0.04 

(0.077 ± 

0.009) 

0.47 ± 0.12 

(0.13 ± 

0.01) 

2.16 ± 

1.44 

(1.44 ± 

0.68) 

3.27 ± 

4.13 

(2.01 ± 

0.30) 

8.43 ± 

2.29 

(2.29 ± 

0.13) 

Cl/F 

[[(mg/kg)/(μg/ml)].h] 

[Cl/F 

[[(mg/kg)/(μM)].h]] 

0.09 ± 

0.03 

(0.026 ± 

0.006) 

0.12 ± 0.04 

(0.034 ± 

0.005) 

0.51 ± 

0.33 

(0.138 ± 

0.012) 

0.79 ± 

0.04 

(0.224 ± 

0.01) 

1.13 ± 

0.06 

(0.306 ± 

0.02) 
a4e was injected intravenously (n = 3) and in another experiment, 4e along with UF010 

were injected intraperitoneally (n = 3) and the blood sample was collected at fixed intervals 

and different time points for the duration of 24 h. The plasma concentrations of 4e and 

UF010 were estimated by the HPLC method. Linear trapezoidal rule was used for the 

calculation of area under the concentration and time curve (AUC values). Non-

compartmental analysis was used to obtain the PK parameters. The clearance was estimated 

as CL=Dose/AUCinf; MRT=AUMCinf/AUCinf, n=3, data represent mean ± standard 

deviation, dose; 4e: 25 mg/kg and 15 mg/kg, UF010: 25 mg/kg. Data represented in μg/ml 

or μM units in the table.    

In the i.v route of administration, the in vivo half-life (t½) of 4e was found to be 2.19 h and 

2.62 h with the peak plasma levels (Cmax) of 26.74 µg/ml (99.28 µM) and 32.12 µg/ml 

(119.58 µM) shortly after 0.5 h (Tmax) for 15 mg/kg and 25 mg/kg dose respectively. The 

AUC0-inf values were 159.59 µg. h/ml and 200.43 µg. h/ml for 15 mg/kg and 25 mg/kg 

dose, respectively. In the case of i.p route of administration, the in vivo half-life (t½) of 4e 

was found to be 3.41 h and 4.54 h, and 5.18 h for UF010 with the peak plasma levels (Cmax) 

of 8.34 µg/ml (30.97 µM) and 12.10 µg/ml (44.93 µM) for 4e and 8.16 µg/ml (31.58 µM) 
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for UF010 after 2 h (Tmax) for the given doses respectively. The AUC0-inf values for the 

compound 4e were 159.59 µg. h/ml and 200.43 µg. h/ml for 15 mg/kg and 25 mg/kg dose 

in the i.v route, whereas in case of i.p route of administration, the obtained AUC0-inf values 

were 29.31 µg. h/ml and 49.99 µg. h/ml for 15 mg/kg and 25 mg/kg dose respectively. All 

these results with the sufficient residence time and better AUC levels suggested the good 

bioavailability and PK profile of 4e at low doses (15 mg/kg and 25 mg/kg) when compared 

to the earlier reported benzamides and hydroxamates at comparatively higher doses (50 and 

100 mg/kg) (Thakur et al., 2020; Zhao et al., 2018). These results further encouraged to 

study of the antitumor properties of 4e in the 4T1-Luc tumor xenograft model in mice.  

3.2.8. In vivo antitumor activity of 4e in the xenograft mouse model of 4T1-Luc cell 

line. 

Given the excellent in vitro cytotoxicity, its potent and selective HDAC3 inhibition and in 

vivo PK properties, the lead compound 4e was then evaluated along with UF010 as a 

positive control in the 4T1-Luc breast cancer tumor-xenograft mouse model in female 

Balb/c mice for its in vivo antitumor activity. As per our knowledge, this is the first study 

reporting the in vivo antitumor study in a 4T1-Luc tumor xenograft mouse model 

evaluating a lead compound containing hydrazide moiety as ZBG. From the obtained 

in vitro results, it was observed that the compound 4e exhibited potent cytotoxicity against 

the 4T1 cell line with IC50 of 1.92 µM with about ~80.57-fold selectivity for 4T1 cells over 

normal cell line with significant HDAC3 inhibition potency as shown from the in vitro 

enzymatic assay and also the cellular western blot analysis. Henceforth, we evaluated its in 

vivo antitumor potential in the 4T1-Luc tumor xenograft mouse model. Based on the 

literature reports, the standard dosing regimen of HDAC inhibitors was reported as 5 

days/week cycle for 3 to 4 weeks that caused significant antitumor activity (Khan and 

Thangue, 2012; LoRusso et al., 1996; Minami et al., 2014; Nepali et al., 2020; Saito et al., 
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1999; Sanderson et al., 2004). Based on the plasma PK profile of 4e at 15 mg/kg and 25 

mg/kg, these two doses were chosen for the in vivo antitumor study for 21 days, and 25 

mg/kg was the administered dose for the reference compound UF010. Female Balb/c mice 

of about 5 to 6 weeks old were subcutaneously inoculated with 4T1–Luc cells with PBS 

suspension containing 1.5 × 106 cells for each implantation. Once the tumor volumes 

reached about 50 mm3, approximately 10 days after inoculation, mice were clubbed into 

four groups containing 5 mice in each group and were provided with treatment with vehicle 

alone, UF010 at 25 mg/kg and 4e at 15 mg/kg and 25 mg/kg dose (dosing solution was 

prepared as the protocol described in experimental method section) intraperitoneally with 

a dosage regimen of 5 days/week for 3 weeks. The tumor growth inhibition resulted in 

different groups at different time points after treatment were recorded (Figure 3.20). 

The tumor growth curve for 21 days with tumor volume was measured once in 3 days from 

the beginning of the treatment in all the mice of different groups (Figure 3.20A). The group 

treated with the reference compound UF010 exhibited the tumor volume growth from 52.33 

± 3.14 to 470.00 ± 32.24 mm3 whereas mice treated with 4e at 15 mg/kg exhibited the 

tumor volume growth from 55.66 ± 5.57 to 372.00 ± 15.75 mm3 and, those treated with 25 

mg/kg has shown the tumor growth volume from 51.83 ± 2.71 to 267.50 ± 6.37 mm3 as 

against the rapid increase in tumor volume growth in the control group from 49.16 ± 2.04 

to 1032.50 ± 65.43 mm3. 
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Figure 3.20. In vivo therapeutic efficacy of 4e and UF010 (reference compound) in 4T1-

Luc tumor implanted Balb/C female mice treated with Control, UF010 (25 mg/kg) and 4e, 

15 mg/kg, and 25 mg/kg (n=5) for 21 days (5 days/week). (A) Tumor volume reduced over 

the treatment period; (B) Body weight measurement over treatment period; (C) 

Representative in vivo bioluminescence images of UF010 (25 mg/kg) and 4e treated mice 

with doses 15 mg/kg and 25 mg/kg in 4T1 Luc tumor-bearing mice on the day 10 and day 

21 (n=2) after i.p administration of luciferin-D (100 µl, 100 mg/kg) by IVIS® Lumina III, 

PerkinElmer, USA; (D) Representative tumors surgically isolated from mice post 21 days 
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of treatment (n=5); (E) % survival analysis using Kaplan-Meier survival curve for 21 days 

post tumor resection. Data represents the values of mean ± the standard error of the mean 

(SEM), n =5; *p < 0.05. 

Simultaneously, the toxicity of 4e was assessed by monitoring the mice body weight 

at equal intervals once in 3 days (Figure 3.20B). Interestingly, the body weight was 

maintained consistent with no weight loss in all the groups, indicating compound 4e was 

well-tolerated at all doses with no general toxicity and no mortality. These results were 

further evidenced by performing the bio-luminescence imaging in the treated mice by 

randomly selecting one from each group. The whole body NIRF images were taken on days 

10 and 21 of the treatment after i.p. administration of Luciferin – D (100 µl, 100 mg/kg) 

for the representative mice (n=2) from each group (Figure 3.20C). The obtained bio-

luminescence intensities around the region of interest are provided in Figure 3.20C. 

Correlating with the tumor volume reduction values, the increase in the intensities were 

also found to be the highest in the case of control group mice whereas, the treated mice 

with UF010 and 4e (lower dose), showed a moderate increase compared to 4e (25 mg/kg) 

treated mice that showed the least increase in the bio-luminescence. After 21 days of 

treatment, the survival study on 4e-treated mice for another 21 days was performed. The 

tumors were collected by surgery and the mice were kept in individual cages for 21 days 

continuously monitoring for their survival. The images of the tumors collected on day 21 

are represented in Figure 3.20D. It was found that the survival percentage was the lowest 

in the case of the untreated group of mice followed by 15 mg/kg (lower dose) and the 

highest survival percentage was found in the mice treated with 25 mg/kg (higher dose). The 

results indicated the improved survival rate in treated mice post-surgical excision of tumor 

compared to the control group (Figure 3.20E). This might be due to the reduced metastasis 

of the tumor in the treated mice.  
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3.2.9. Compound 4e caused significant ROS generation leading to apoptosis in treated 

mice. 

From the preliminary in vitro studies, it was found that the lead compound 4e caused 

cytotoxic effects through apoptosis as well as cell cycle arrest. The in vivo antitumor study 

also exhibited a significant reduction in the tumor volume in treated mice when compared 

to the vehicle control group. It is documented in the literature that HDACis induce tumor 

cell death by the generation of reactive oxygen species (ROS) causing oxidative stress 

eventually leading to apoptosis through several intrinsic pathways (Carew et al., 2008; Liao 

et al., 2020; Richa et al., 2020; Rosato et al., 2003; Ruefli et al., 2001). Further, to explore 

the mechanism of apoptosis we evaluated the ROS generation in the tumor implanted mice. 

DCFH-DA probe was injected intratumorally on the day 21 to randomly selected mice 

(n=2) from each group. The fluorescence intensity of the ROS generation was obtained 

from the IVIS Lumina III. The images were captured at 10 mins post-DCFH-DA injection 

into the mice (Figure 3.21A).  

It can be inferred from the images that the mice treated with 4e (25 mg/kg) showed 

the highest fluorescence intensity followed by 4e (15 mg/kg) and UF010 (25 mg/kg) with 

no fluorescence detected in the control group mice. The quantified fluorescence signals 

obtained were depicted in the graph in Figure 3.21B. These results indicated that 4e caused 

significant ROS generation in vivo and thus, led to apoptosis which was further represented 

by DAPI staining of the cryosections of the isolated tumors collected from the mice 

sacrificed 30 mins post-DCFH-DA treatment (Figure 3.21C). 
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Figure 3.21. (A) Reactive oxygen species generation and imaging on day 21 in female 

Balb/c mice implanted with 4T1-Luc tumor treated with Control, positive control (UF010, 

25 mg/kg) and 4e (Dose:15 mg/kg and 25 mg/kg) (n=2) after Intratumoral injection of 

DCFH-DA probe (100 μl, 25μM) by IVIS® Lumina III, PerkinElmer, USA; (B) Graph 
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represents, fluorescence intensity found on Y-axis and day 21 of treatment on X-axis; (C) 

Images of tumor sections representing ROS levels; (D Images representing TUNEL 

positive cells in the tumor sections from treated mice tumors; (E) fluorescent images of Ki-

67 staining; (F) H & E staining of several organs and tumor sections isolated from treated 

mice; (Scale bar is 20 μm) All the images visualized and obtained under a fluorescence 

microscope (Leica microsystems, Germany). Data represents the values of mean ± the 

standard error of the mean, n =2; **p = 0.009. 

The images under a fluorescence microscope indicated the increase in the ROS 

generation in the tumor sections of treated mice with 4e (higher dose) contributing to more 

apoptotic activity than 4e (lower dose) followed by UF010 treated mice. TUNEL assay was 

then carried out on the collected cryosections of the tumors and obtained their fluorescence 

images (Figure 3.21D). TUNEL assay identified the fragmented nuclear DNA as suggested 

by TUNEL +ve cells in the form of green dots when visualised under a fluorescence 

microscope. The increase in the number of TUNEL +ve cells in the order 4e, 25 mg/kg > 

4e, 15 mg/kg > UF010-treated tumor sections indicated that the compound 4e is largely 

capable of inducing apoptotic cell death in vivo. Together with the visualization of 

apoptotic mechanisms from ROS generation and TUNEL assay, the tumor cryosections 

were characterized using immunostaining analysis by Ki-67, a proliferative marker. The 

tumor cryosections were incubated with Ki-67 primary antibody followed by secondary 

antibody and was visualized under the fluorescence microscope (Figure 3.21E). The 

percentage of Ki-67 positively stained cells was highest in the case of control group tissue 

sections. When compared in the treated cells, a marked significant decrease in the staining 

was observed in 25 mg/kg followed by 15 mg/kg tissue sections of the treated mice. The 

decrease in the Ki-67-stained cells in the treated mice as compared to the untreated group 

demonstrated the significant cytotoxic activity of 4e in vivo in correlation with its potent in 
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vitro cytotoxic effects in 4T1 cells. H & E analysis was performed on the tissue sections of 

tumors and various organs obtained from control and treated mice and the images obtained 

were represented in Figure 3.21F. No tissue damage or toxicity was found in any of the 

major organs in contrast to the tumor sections, which showed significant tissue damage due 

to cell death. Altogether, these results indicate that compound 4e causes significant 

apoptotic activity through ROS generation and is also highly anti-proliferative with no 

induced organ toxicity among the other major organs in vivo with the results well correlated 

with the in vitro studies.  

3.2.10. Analysis of different proliferation biomarker by western blot with the 

isolated tumor tissue.  

The treated tumor tissues were collected from the mice treated with 4e at two doses (15 

mg/kg and 25 mg/kg) and were further investigated for the protein expression levels of 

histone proteins, various apoptotic and proliferation markers. The western blots obtained 

are shown in Figure 3.22A and the quantification of the blot is represented in Figure 3.22B.  

 The in vitro western blot analysis with the lysate of 4e treated cells indicated the 

enhanced cellular acetylation levels of H3K9, H4K12 in a dose-dependent manner. Similar 

results were observed in the western blot analysis of the isolated tumor tissue collected 

from 4e treated mice. This hyperacetylation of H3K9 and H4K12 histone lysine residues 

by 4e is possibly majorly due to its HDAC3 inhibition property. The next step was to study 

the mechanism of cell death causing antitumor activity of 4e. Literature reports 

demonstrated that HDAC inhibitors are antiproliferative and they induce cell cycle arrest, 

apoptosis and cause cell differentiation (Carew et al., 2008; Czabotar et al., 2014; Rosato 

et al., 2003; Shao et al., 2004; Telles and Seto, 2012). 
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Figure 3.22. (A) Western blot analysis of caspase-3, caspase-7, BCL2, cytochrome c, 

CD44, EGFR, Ac-H3K9 and Ac-H4K12 in the tumor tissue collected from the 4e treated 

mice at two different doses (25 mg/kg and 15 mg/kg) in 4T1-Luc implanted tumor 

xenograft model. Lanes 1, 2: vehicle, lanes 3, 4: 25 mg/kg of 4e and lanes 5, 6: 15 mg/kg 

of 4e; (B) Graph representing the analysis of the blots obtained. Results obtained were 

normalized to the housekeeping protein β-actin. Image J software was used for the 

quantification of the results. Graph plotted and data analysed using one-way ANOVA 

analysis. Data represents mean ± the standard error of the mean of the respective proteins. 

*p <0.05, **p <0.01, ***p ≤0.0005. 
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These mechanisms are further regulated by various pro and anti-apoptotic markers 

namely caspase-3, caspase-7, cytochrome c, BCL2 and other metastatic and proliferative 

markers such as CD44 and EGFR. Caspase-3 and caspase-7 were upregulated in the treated 

samples against the control group resulting in cell apoptosis. It is well documented that 

caspase activation is mediated through the cytochrome c pathway following its release from 

mitochondria leading to apoptosis (Brentnall et al., 2013; Shao et al., 2004). In this regard, 

our results indicated the increased expression levels of cytochrome c which activates 

caspase-3 and caspase-7 thus mediating caspase activation-induced apoptosis. The 

experimental data also demonstrated the significant ROS production leading to oxidative 

stress together with the intrinsic upregulation of caspase-7 further contributed to the 

apoptotic cell death. The anti-apoptotic protein BCL2 was found to be downregulated in 

the treated vs the control group animals. From the survival plot displayed in Figure 3.20E, 

the % survival of the treated mice was found to be higher than the untreated mice up to 21 

days post-tumor resection possibly due to reduced metastasis. In this regard, the protein 

levels of surface adhesion marker CD44 that is known to be involved in metastasis (Negi 

et al., 2012) has also been studied and the proliferation marker EGFR is known to be over 

expressed in cancer cells in particular breast cancer cells (Lo et al., 2006). The western blot 

analysis correlated with the cytotoxic results of 4e demonstrating the reduced expression 

of CD44 and EGFR in the treated animal tumor tissue samples over control group samples. 

From the results, it was evident that HDAC3 inhibitor 4e induced antitumor activity 

through the induction of several intrinsic pathways leading to apoptosis and also 

contributing to its cytotoxic activity.  

3.2.11. Binding mode of interactions of the inhibitors into the HDAC enzymes 

by molecular docking analysis. 

As far as our choice of target is concerned, the potent hydrazides (4c and 4e) along with 
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the reference molecule UF010 were docked initially with the active site of HDAC3 (PDB 

ID: 4A69) following the protocol reported earlier (Routholla et al., 2021b, 2021a). The 

molecular docking studies conducted at the active site of HDAC3 revealed promising 

superimposed docked conformations of these synthesized molecules (Figure 3.23). 

 

Figure 3.23. Docking conformations of synthesized hydrazide derivatives with UF010 (In 

magenta) (A); Binding mode of interactions of compound UF010 (B); 4c (C) and 4e (D) at 

the HDAC3 active site of (PDB ID: 4A69). 

 

 
Figure 3.24. Ligand binding interaction of (A) UF010 (B) 4c and (C) 4e with HDAC1 

(PDB ID: 4BKX). 
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Figure 3.25. (A) Alignment of inbound ligand (green), redocked ligand (magenta), UF010 

(orange), 4c (yellow) and 4e (cyan) at the HDAC2 active site (PDB ID: 3MAX); (B) 

Binding interaction of UF010 at the HDAC2 active site (PDB ID: 3MAX); (C) Binding 

interaction of 4c at the HDAC2 active site (PDB ID: 3MAX); (D) Binding interaction of 

4e at the HDAC2 active site (PDB ID: 3MAX). 
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Figure 3.26. (A) Alignment of inbound ligand (green), redocked ligand (magenta), UF010 

(orange), 4c (yellow) and 4e (cyan) at the HDAC8 active site (PDB ID: 1T69); (B) Binding 

interaction of UF010 at the HDAC8 active site (PDB ID: 1T69); (C) Binding interaction of 

4c at the HDAC8 active site (PDB ID: 1T69); (D) Binding interaction of 4e at the HDAC8 

active site (PDB ID: 1T69). 
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Figure 3.27. (A) Alignment of inbound ligand (green), redocked ligand (magenta), UF010 

(orange), 4c (yellow) and 4e (cyan) at the HDAC6 active site (PDB ID: 5EDU); (B) Binding 

interaction of UF010 at the HDAC6 active site (PDB ID: 5EDU); (C) Binding interaction 

of 4c at the HDAC6 active site (PDB ID: 5EDU); (D) Binding interaction of 4e at the 

HDAC6 active site (PDB ID: 5EDU). 

All of these docked molecules exhibited a similar binding pattern of their hydrazide zinc-

binding motif with the catalytic Zn2+ ion present at the HDAC3 active site. The docking 

interactions of these compounds are displayed in Figure 3.23. From the analysis of the 

docking interactions at the HDAC3 active site, it was observed that the amide group 

adjacent to the carbonyl function involved a chelate through a salt-bridge interaction with 

the catalytic Zn2+ ion whereas the other amide group of the hydrazide moiety formed a 

hydrogen bonding with Tyr298 amino acid residue for all these molecules (Figure 3.23). 

Interestingly, the phenyl ring attached to the hydrazide moiety of all these molecules 
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including UF010 formed π-π stacking interactions with the amino acid residues His172 and 

Phe200 at the active site implicating the necessity of such interactions for potent HDAC3 

inhibition (Figure 3.23B – 3.23D). Additionally, the amide function of the carboxamido 

benzyl moiety of compound 4c and the amide function of the anilide moiety of compound 

4e formed hydrogen bond interaction with the negatively charged Asp93 amino acid 

residue that was missing in the case of UF010 (Figure 3.23Cand 3.23D). Probably, this 

may be the reason of higher in vitro HDAC3 inhibitory activity of 4c (HDAC3 IC50 = 30.67 

nM) and 4e (HDAC3 IC50 = 15.41 nM) compared to the reference molecule UF010 

(HDAC3 IC50 = 256.7 nM). Therefore, the amide function at the para position of the phenyl 

ring is required for higher HDAC3 inhibition. Though there is an additional π-π stacking 

interaction between the phenyl ring of the carboxamido benzyl moiety of compound 4c and 

Phe200, this compound was less active compared to the compound 4e. Therefore, it may 

be assumed that bulky, flexible and elongated functions are not suitable at this position as 

they may produce some unfavourable steric hindrance during enzyme-drug interaction.  

Since lack of selectivity is one of the major issues in the development of isoform specific 

HDAC inhibitors, the molecular docking study of these same molecules with other class I 

HDACs such as HDAC1 (PDB ID:4BKX), HDAC2 (PDB ID:3MAX), and HDAC8 (PDB 

ID: 1T69) along with class II HDAC6 (PDB ID: 5EDU) were also analysed. The RMSD of 

the redocked ligands with the inbound ligands were also calculated. The RMSD of 0.24 Å, 

1.46 Å and 1.23 Å was observed in case of the inbound and redocked ligand for HDAC2, 

HDAC8 and HDAC6, respectively. The low RMSD for all these cases suggested that the 

molecules mapped well at the respective HDAC sites and supports that the docking protocol 

was validated. Unlike HDAC3, these synthesized molecules due to the presence of smaller 

size, shape and hydrazide ZBG demonstrated variable binding conformations for other 

class-I and II HDAC isoforms but were unable to show any encouraging docked 
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conformation (Figure 3.24 – 3.27). This observation is also in agreement with the HDAC3 

selective nature of these hydrazide derivatives found during the in vitro experimentation. 

This current study can elucidate a preliminary concept regarding these hydrazides 

containing selective HDAC3 inhibitors that may encourage the further designing and 

development of selective hydrazide-based inhibitors of HDAC3. 

 

3.3. MATERIALS AND METHODS 
 

3.3.1. Chemistry 
 

The starting materials, chemical reagents, solvents were procured from Sigma-Aldrich and 

other chemical suppliers and were used without further purification. UF010 was 

synthesized as per the published procedure (Wang et al., 2015). The completion of the 

reaction was monitored with the help of precoated silica gel plates with Merck 60 F254 

silica gel bought from Merck Millipore Co., USA by using the TLC (Thin-layer 

chromatography) technique.  

Purification and analysis 

Column chromatography was carried out using silica gel (100-200 or 230-400 mesh size) 

using different polar and non-polar solvents. Compound purity was determined by the 

HPLC-UFLC Shimadzu model instrument and were analysed on LC-MS 8040 which was 

equipped with a photodiode array detector. The column used was Shiseido C18, 4.6 × 150 

mm, 5 μ for reverse phase HPLC analysis. The flow rate was 1 ml/min, isocratic flow in 

the ratio ofA20: B80 or A10: B90 (where solvents, A = water + 0.05% TFA, B = methanol). 

Characterization: All the synthesized final compounds were characterized using 1H and 

13C NMR, HPLC-LCMS and HRMS (high-resolution mass spectrometry). All the 

compounds were found to be >95% pure as per HPLC reports. Especially, the compounds 

4c, 4e and UF010 were found to be 96.8%, 98.6% and 97.5% pure. 1H and 13C NMR were 

recorded on Bruker, ASCEND™ 400 MHz spectrometer, using deuterated solvents CDCl3 
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and methanol-d4 referenced to trimethyl silane (TMS) as the internal standard or residual 

solvent peaks. Chemical shifts (δ) were given in parts per million, and the coupling 

constants (J) are reported in hertz (Hz). NMR data were processed using ACD/Lab’s 

release 2D NMR software version 12.01. High-resolution mass spectroscopy was 

conducted in HRMS (6545 Q-TOF LC/MS, Agilent) at BITS-Pilani, Pilani campus. Our 

HRMS data suggested that the difference between the theoretical mass and obtained mass 

from HRMS analysis was ± 0.005 further confirming the purity of the final compounds 

synthesized. 

3.3.1.1. Preparation of methyl 4-acetamidobenzoate (1a) 

Methyl 4-amino benzoate (1) (1 g, 6.62 mmol) was dissolved in dry-dichloromethane and 

to this, excess of acetic anhydride (3.13 ml, 33.08 mmol) was added and stirred for 2 – 4 h 

at room temperature. The solvent was evaporated under a vacuum. The mixture was then 

neutralised with aqueous sodium bicarbonate solution and dissolved in ethyl acetate and 

washed with water three times. The organic part was then isolated, washed with brine 

solution, dried over anhydrous Na2SO4 and then concentrated in vacuo. The crude product 

was then purified using column chromatography and the pure compound 1a is eluted using 

50% hexane and 50% ethyl acetate as solvents in the form of a white powder of about 90% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.8 Hz, 2H), 7.73 (s, 1H), 7.60 (d, J = 8.6 

Hz, 2H), 3.90 (s, 3H), 2.21 (s, 3H).  
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Spectra 3.1: 1H NMR Spectra for the compound 1a.   

3.3.1.2. Preparation of N-(4-(hydrazinecarbonyl) phenyl) acetamide (2a) 

Methyl 4-acetamidobenzoate (1a) (150 mg, 0.776 mmol) was dissolved in 5 ml of methanol 

and to this hydrazine monohydrate (377 µl, 7.76 mmol) was added. The chemical reaction 

was carried out for 6 h at reflux conditions. After completion of the reaction, the reaction 

mixture was condensed in vacuo and dried under a vacuum oven. The crude material 

obtained was subjected to the next reaction without further purification.  

3.3.1.3. Preparation of N-(4-(2-butylhydrazine-1-carbonyl) phenyl) acetamide (3a) 

In a round-bottomed flask, N-(4-(hydrazinecarbonyl) phenyl) acetamide (2a, 100 mg, 0.25 

mmol) dissolved in 1 ml of methanol was taken. To this, 46 µl of butyraldehyde (1 eq, 

0.512 mmol) and catalytic p-toluenesulfonic acid were subsequently added. The resultant 

solution was stirred for 3 h at room temperature. After confirmation of the intermediate by 

TLC, sodium cyanoborohydride (39.03 mg, 1.2 eq, 0.62 mmol) was added and the reaction 

mixture was stirred for 10 mins at room temperature. The completion of the reaction was 

confirmed by TLC. The reaction mixture was quenched by using an aqueous sodium 

bicarbonate solution. The reaction mixture was then thickened in vacuo. The reaction 
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mixture was extracted three times using ethyl acetate into the organic layer using water. 

The organic layers were combined, dried and condensed on a rota evaporator. The resultant 

mixture was further purified by column chromatography using 40% hexane and 60% ethyl 

acetate solvent system to obtain the final product 3a as white powder of about 46% yield. 

1H NMR (400 MHz, methanol-d4) δ 7.64 - 7.67 (m, 2 H), 7.54 - 7.58 (m, 2 H), 2.77 – 2.80 

(t, J = 7.19 Hz, 2 H), 2.04 (s, 3 H), 1.40 - 1.48 (m, 2 H), 1.28 - 1.37 (m, 2 H), 0.84 – 0.87 

(t, J = 7.25 Hz, 3 H). 13C NMR (101 MHz, methanol-d4) δ 170.48, 166.87, 141.88, 127.82, 

127.65, 118.89, 51.22, 29.61, 22.56, 19.92, 12.92. HRMS (APESI) m/z calcd for 

C13H19N3O2 [M+H]+ : 250.1515; found: 250.1519. 

 

Spectra 3.2: 1H NMR Spectra for the compound 3a.   
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Spectra 3.3: 13C NMR Spectra for compound 3a.   

 

Spectra 3.4: HPLC traces of compound 3a. 

 

Spectra 3.5: HRMS Spectra for the compound 3a.   

3.3.1.4. Preparation of N-(4-(2-propylhydrazine-1-carbonyl) phenyl) acetamide 

(4a) 

In a round-bottomed flask, N-(4-(hydrazinecarbonyl) phenyl) acetamide (2a, 100 mg, 0.25 
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mmol) dissolved in 1ml of methanol was taken. To this, 37 µl of propionaldehyde (1 eq, 

0.517 mmol) and catalytic p-toluenesulfonic acid were subsequently added. The resultant 

solution was allowed to stir for 3 h at room temperature. After confirmation of the 

intermediate by TLC, sodium cyanoborohydride (39.03 mg, 1.2 eq, 0.62 mmol) was added 

and the reaction mixture was allowed to stir for 10 mins at room temperature. The 

completion of the reaction was confirmed by TLC. The reaction mixture was quenched by 

using an aqueous sodium bicarbonate solution. The reaction mixture was then concentrated 

in vacuo. The reaction mixture was extracted three times using ethyl acetate into the organic 

layer using water. The organic layers were combined, dried and concentrated on a rota 

evaporator. The resultant mixture was further purified by column chromatography using 

40% hexane and 60% ethyl acetate solvent system to obtain the final product 4a as white 

powder of about 41% yield. 1H NMR (400 MHz, methanol-d4) δ 7.63 - 7.68 (m, 2H), 7.54 

- 7.58 (m, 2H), 2.73 – 2.77 (t, J = 7.32 Hz, 2H), 2.04 (s, 3H), 1.43 – 1.50 (m, 2H) 0.86 – 

0.90 (t, J = 7.44 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 170.47, 66.87, 141.88, 

127.82, 127.65, 118.88, 53.36, 22.57, 20.62, 10.50. HRMS (APESI) m/z calcd for 

C12H17N3O2. [M+H]+:236.1394; found 236.1360. 
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Spectra 3.6: 1H NMR Spectra for the compound 4a.   

 

Spectra 3.7: 13C NMR Spectra for the compound 4a.  

 

Spectra 3.8: HPLC traces of compound 4a. 

 

Spectra 3.9: HRMS Spectra for the compound 4a.   

3.3.1.5. Preparation of methyl 4-benzamidobenzoate (1b) 
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Methyl 4-amino benzoate (1) (200 mg, 1.32 mmol), sodium bi-carbonate (167 mg, 1.98 

mmol) was stirred in tetrahydrofuran and to this benzoyl chloride (203 µl, 1.59 mmol) was 

added dropwise and stirred for 10 h at room temperature. The excess solvent was 

evaporated in vacuo. The reaction mixture was extracted into the organic layer using ethyl 

acetate and water three times. The organic layer was then separated, washed with brine 

solution, dried over anhydrous Na2SO4 and then concentrated in vacuo. The crude product 

was then purified using column chromatography and the pure compound 1b is eluted using 

50% hexane and 50% ethyl acetate as solvents in the form of white powder of about 69% 

yield.1H NMR (400 MHz, CDCl3) δ 8.12 (s, 1H), 8.04 (d, J = 8.8 Hz, 2H), 7.87 (d, J = 7.0 

Hz, 2H), 7.75 (d, J = 8.8 Hz, 2H), 7.57 (t, J = 8.0 Hz, 1H), 7.48 (t, J = 7.9 Hz, 2H), 3.91 (s, 

3H).  

  

Spectra 3.10: 1H NMR Spectra for the compound 1b.   

3.3.1.6. Preparation of N-(4-(hydrazinecarbonyl) phenyl) benzamide (2b) 

Methyl 4-benzamidobenzoate (1b) (150 mg, 0.587 mmol) was dissolved in 5 ml of 

methanol and to this hydrazine monohydrate (286 µl, 5.88 mmol) was added. The reaction 

was carried out for 6 h at reflux conditions. Upon completion of the reaction, the reaction 
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mixture was concentrated in vacuo and dried under a vacuum oven. The crude product 

obtained was used for the next reaction without purification.  

3.3.1.7. Preparation of N-(4-(2-butylhydrazine-1-carbonyl) phenyl) benzamide (3b) 

Using the synthetic procedure of 3a, starting materials 2b and butyraldehyde gave 3b in 

45% yield. 1H NMR (400 MHz, methanol-d4) δ 7.85 (d, J = 1.13 Hz, 1H), 7.82 - 7.84 (m, 

1H), 7.69 - 7.77 (m, 4H), 7.46 - 7.52 (m, 1H), 7.39 - 7.45 (m, 2H), 2.78 – 2.82 (t, J = 7.25 

Hz, 2H), 1.40 - 1.51 (m, 2H), 1.30 – 1.36 (m, 2H), 0.84 – 0.88 (t, J = 7.32 Hz, 3H). 13C 

NMR (101 MHz, methanol-d4) δ 167.60, 166.88, 141.96, 134.69, 131.69, 128.27, 127.62, 

127.30, 119.95, 51.24, 29.63, 19.93, 12.92. HRMS (APESI) m/z calcd for C18H21N3O2. 

[M+H]+: 312.1707; found 312.1658. 

 

Spectra 3.11: 1H NMR Spectra for the compound 3b.   
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Spectra 3.12: 13C NMR Spectra for the compound 3b.   

 

 
Spectra 3.13: HPLC traces of compound 3b. 

  

Spectra 3.14: HRMS Spectra for the compound 3b. 

   

3.3.1.8. Preparation of N-(4-(2-propylhydrazine-1-carbonyl) phenyl) benzamide 
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(4b) 

Using the synthetic procedure of 4a, starting materials 2b and propionaldehyde gave 4b in 

62% yield. 1H NMR (400 MHz, methanol-d4) δ 7.82 - 7.87 (m, 2H), 7.69 - 7.78 (m, 4H), 

7.45 - 7.54 (m, 1H), 7.37 - 7.45 (m, 2H), 2.76 – 2.80 (t, J = 7.19 Hz, 2H), 1.45 – 1.52 (m, 

2H), 0.88 – 0.91 (t, J = 7.44 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 167.60, 166.87, 

142.00, 134.68, 131.70, 128.28, 127.64, 127.30, 119.95, 53.34, 20.57, 10.49. HRMS 

(APESI) m/z calcd for C17H19N3O2. [M+H]+: 298.1550; found 298.1508. 

 

Spectra 3.15: 1H NMR Spectra for the compound 4b.   

 

Spectra 3.16: 13C NMR Spectra for the compound 4b.   
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Spectra 3.17: HPLC traces of compound 4b. 

  

Spectra 3.18: HRMS Spectra for the compound 4b.   

3.3.1.9. Preparation of methyl 4-(2-phenylacetamido) benzoate (1c) 

Methyl 4-amino benzoate (1) (200 mg, 1.32 mmol), tri-ethylamine was dissolved in dry 

dichloromethane and to this phenylacetyl chloride (210 µl, 1.59 mmol) was added and 

stirred for 8 h at room temperature. The solvent was evaporated in vacuo. The reaction 

mixture was extracted into the organic layer using ethyl acetate and water three times. The 

organic layer was then separated, washed with brine solution, dried over anhydrous Na2SO4 

and then concentrated in vacuo. The crude product was then purified using column 

chromatography and the pure compound 1c is eluted using 40% hexane and 60% ethyl 

acetate as solvents in the form of white powder of about 81% yield.1H NMR (400 MHz, 
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CDCl3) δ 7.88 (d, J = 8.7 Hz, 2H), 7.43 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 7.4 Hz, 2H), 7.26 

(t, J = 8.9 Hz, 3H), 3.81 (s, 3H), 3.68 (s, 2H), 1.60 (s, 1H). 

 

Spectra 3.19: 1H NMR Spectra for the compound 1c.   

3.3.1.10. Preparation of N-(4-(hydrazine carbonyl) phenyl)-2-phenylacetamide (2c) 

Methyl 4-(2-phenylacetamido) benzoate (1c) (150 mg, 0.557 mmol) was dissolved in 5ml 

of methanol and to this hydrazine monohydrate (271 µl, 5.57 mmol) was added. The 

reaction was carried out for 6 h at reflux conditions. Upon completion of the reaction, the 

reaction mixture was concentrated in vacuo and dried under a vacuum oven. The crude 

product obtained was used for the next reaction without purification.  

3.3.1.11. Preparation of N-(4-(2-butylhydrazine-1-carbonyl) phenyl)-2-

phenylacetamide (3c) 

Using the synthetic procedure of 3a, starting materials 2c and butyraldehyde gave 3c in 

56% yield. 1H NMR (400 MHz, methanol-d4) δ 7.62 - 7.69 (m, 2H), 7.55 - 7.61 (m, 2H), 

7.19 - 7.28 (m, 4H), 7.12 - 7.18 (m, 1H), 3.60 (s, 2H), 2.76 – 2.80 (t, J = 7.25 Hz, 2H), 1.39 

- 1.48 (m, 2H), 1.29 - 1.35 (m, 2H), 0.83 – 0.87 (t, J = 7.25 Hz, 3H). 13C NMR (101 MHz, 

methanol-d4) δ 171.13, 141.85, 135.18, 128.76, 128.21, 127.67, 126.62, 119.03, 51.21, 
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43.35, 29.61, 19.91, 12.90. HRMS (APESI) m/z calcd for C19H23N3O2. [M+H]+: 326.1863; 

found 326.1824. 

 

Spectra 3.20: 1H NMR Spectra for the compound 3c.   

 

Spectra 3.21: 13C NMR Spectra for the compound 3c.   
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Spectra 3.22: HPLC traces of compound 3c. 

 

Spectra 3.23: HRMS Spectra for the compound 3c.   

3.3.1.12. Preparation of 2-phenyl-N-(4-(2-propylhydrazine-1-carbonyl) phenyl) 

acetamide (4c) 

Using the synthetic procedure of 4a, starting materials 2c and propionaldehyde gave 4c in 

62% yield. 1H NMR (400 MHz, methanol-d4) δ 7.65 (d, J = 8.76 Hz, 2H), 7.58 (d, J = 8.76 

Hz, 2H), 7.23 (m, 4H), 7.15 (d, J = 6.75 Hz, 1H), 3.60 (s, 2H), 2.72 – 2.76 (t, J = 7.19 Hz, 

2H), 1.42 - 1.49 (m, 2H), 0.86 – 0.89 (t, J = 7.44 Hz, 3H). 13C NMR (101 MHz, methanol-

d4) δ 171.14, 166.85, 141.85, 135.18, 128.76, 128.22, 126.63, 119.04, 53.35, 43.36, 20.61, 

10.50. HRMS (APESI) m/z calcd for C18H21N3O2. [M+H]+: 312.1707; found 312.1672. 
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Spectra 3.24: 1H NMR Spectra for the compound 4c.   

 

Spectra 3.25: 13C NMR Spectra for the compound 4c.   

 

Spectra 3.26: HPLC traces of compound 4c. 
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Spectra 3.27: HRMS Spectra for the compound 4c.   

3.3.1.13. Preparation of methyl 4-(benzyl amino) benzoate (1d) 

Methyl 4-amino benzoate (1) (200 mg, 1.32 mmol) was dissolved in 2 ml of ethanol, to this 

benzaldehyde (135 µl, 1.32 mmol) was added. The resultant solution was allowed to stir 

for 10 h at room temperature. After confirmation of the intermediate by TLC, Sodium 

borohydride (60 mg, 1.2 eq, 1.59 mmol) was added and the reaction mixture was allowed 

to stir for 2 h at room temperature. The completion of the reaction was confirmed by TLC. 

The reaction mixture was quenched using an aqueous sodium bicarbonate solution. The 

reaction mixture was then concentrated in vacuo. The crude reaction mixture was extracted 

into the organic layer three times using ethyl acetate and water. The organic layer was then 

separated, washed with brine solution, dried over anhydrous Na2SO4 and then concentrated 

in vacuo. The crude product was then purified using column chromatography and the pure 

compound 1d is eluted using 40% hexane and 60% ethyl acetate as solvents in the form of 

white powder of about 71% yield.1H NMR (400 MHz, CDCl3) δ 7.79 - 7.81 (m, 1H), 7.77 

- 7.78 (m, 1H), 7.24 - 7.31 (m, 4H), 7.19 - 7.24 (m, 1H), 6.52 - 6.54 (m, 1H), 6.50 - 6.51 

(m, 1H), 4.31 (s, 2H), 3.77 (s, 3H).  
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Spectra 3.28: 1H NMR Spectra for the compound 1d.   

3.3.1.14. Preparation of 4-(benzylamino) benzohydrazide (2d) 

Methyl 4-(benzylamino) benzoate (1d) (150 mg, 0.62 mmol) was dissolved in 5 ml of 

methanol and to this hydrazine monohydrate (302 µl, 6.22 mmol) was added. The reaction 

was carried out for 6 h at reflux conditions. Upon completion of the reaction, the reaction 

mixture was concentrated in vacuo and dried under a vacuum oven. The crude product 

obtained was used for the next reaction without purification.  

3.3.1.15. Preparation of 4-(benzylamino)-N'-butylbenzohydrazide (3d) 

Using the synthetic procedure of 3a, starting materials 2d and butyraldehyde gave 3d in 

51% yield. 1H NMR (400 MHz, methanol-d4) δ 7.43 - 7.49 (m, 2H), 7.16 - 7.26 (m, 4H), 

7.11 (s, 1H), 6.48 - 6.52 (m, 2H), 4.25 (s, 2H), 2.74 (t, J = 7.25 Hz, 2H), 1.36 - 1.45 (m, 

2H), 1.27 - 1.32 (m, 2H), 0.82 – 0.85 (t, J = 7.25 Hz, 3H). 13C NMR (101 MHz, methanol-

d4) δ 167.84, 151.96, 139.43, 128.30, 128.11, 126.81, 126.57, 119.51, 111.38, 51.37, 46.52, 

29.60, 19.94, 12.93. HRMS (APESI) m/z calcd for C18H23N3O. [M+H]+: 298.1914; found 

298.1880. 
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Spectra 3.29: 1H NMR Spectra for the compound 3d.   

 

Spectra 3.30: 13C NMR Spectra for the compound 3d.   
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Spectra 3.31: HPLC traces of compound 3d. 

 

Spectra 3.32: HRMS Spectra for the compound 3d.   

3.3.1.16. Preparation of 4-(benzylamino)-N'-propylbenzohydrazide (4d) 

Using the synthetic procedure of 4a, starting materials 2d and propionaldehyde gave 4d in 

48% yield. 1H NMR (400 MHz, methanol-d4) δ 7.45 - 7.47 (m, 2H) 7.22 - 7.26 (m, 3H) 

7.18 – 7.22 (m, 2H) 6.49 - 6.52 (m, 2H) 4.27 (s, 2H) 2.69 – 2.73 (t, J = 7.19 Hz, 2H) 1.40 

- 1.52 (m, 2H) 0.85 – 0.89 (t, J = 7.44 Hz, 3H).13C NMR (101 MHz, methanol-d4) δ 167.90, 

152.33, 139.33, 131.25, 128.60, 128.12, 126.81, 126.60, 118.58, 111.38, 51.97, 46.46, 

18.73, 10.32. HRMS (APESI) m/z calcd for C18H23N3O. [M+H]+: 284.1758; found 

284.1722. 
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Spectra 3.33: 1H NMR Spectra for the compound 4d. 

 

Spectra 3.34: 13C NMR Spectra for the compound 4d.   
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Spectra 3.35: HPLC traces of compound 4d. 

 

Spectra 3.36: HRMS Spectra for the compound 4d. 

3.3.1.17. Preparation of methyl 4-(phenylamino)benzoate (1e) 

A mixture of methyl 4-chlorobenzoate (3) (200 mg, 1.17 mmol), XPhos (5.6 mg, 0.011 

mmol), K2CO3 (162 mg) catalytic Pd2(dba)3 in 3 ml of N, N-Di-isopropylethylamine were 

stirred and aniline (127 μl, 1.41 mmol) was subsequently added and allowed to stirred for 

overnight at 110°C at reflux conditions. The reaction mixture was then concentrated in 

vacuo. The completion of the reaction was confirmed by TLC. The reaction mixture was 

quenched using an aqueous sodium bicarbonate solution. The crude reaction mixture was 

extracted into the organic layer three times using ethyl acetate and water. The organic layer 

was then separated, washed with brine solution, dried over anhydrous Na2SO4 and then 
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concentrated in vacuo. The crude product was then purified using column chromatography 

and the pure compound 1d is eluted using 80% hexane and 20% ethyl acetate as solvents 

in the form of brown powder of about 75% yield. 1H NMR (400 MHz, CDCl3) δ 7.93 - 7.95 

(m, 1H), 7.91 - 7.92 (m, 1H), 7.32 - 7.38 (m, 2H), 7.18 - 7.20 (m, 1H), 7.16 - 7.18 (m, 1H), 

7.05 - 7.10 (m, 1H), 7.00 - 7.02 (m, 1H), 6.98 - 7.00 (m, 1H), 6.07 (1H), 3.89 (s, 3H). 

 

Spectra 3.37: 1H NMR Spectra for the compound 1e.   

3.3.1.18. Preparation of 4-(phenylamino)benzohydrazide (2e) 

Methyl 4-(phenylamino) benzoate (1e) (150 mg, 0.66 mmol) was dissolved in 5ml of 

methanol and to this hydrazine monohydrate (321 µl, 6.60 mmol) was added. The reaction 

was carried out for 6 h at reflux conditions. Upon completion of the reaction, the reaction 

mixture was concentrated in vacuo and dried under a vacuum oven. The crude product 

obtained was used for the next reaction without purification.  

3.3.1.19. Preparation of N'-butyl-4-(phenylamino)benzohydrazide (3e) 

Using the synthetic method of 3a, 2e and butyraldehyde gave 3e in 52% yield. 1H NMR 

(400 MHz, methanol-d4) δ 7.55 - 7.58 (m, 2H), 7.17 - 7.21 (m, 2H), 7.08 - 7.06 (m, 2H), 

6.97 – 6.95 (m, 2H), 6.85 - 6.88 (m, 1H), 2.76 – 2.80 (t, J = 7.32 Hz, 2H), 1.41 - 1.48 (m, 
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2H), 1.30 - 1.37 (m, 2H), 0.84 – 0.88 (t, J = 7.44 Hz, 3H). 13C NMR (101 MHz, methanol-

d4) δ 170.95, 148.16, 141.90, 129.01, 128.88, 122.97, 121.63, 119.24, 114.03, 51.03, 29.47, 

19.84, 12.88. HRMS (APESI) m/z calcd for C17H21N3O.[M+H]+: 284.1758; found 

284.1718. 

 

Spectra 3.38: 1H NMR Spectra for the compound 3e.  

 

 Spectra 3.39: 13C NMR Spectra for the compound 3e.   
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Spectra 3.40: HPLC traces of compound 3e. 

 

Spectra 3.41: HRMS Spectra for the compound 3e. 

3.3.1.20. Preparation of 4-(phenylamino)-N'-propylbenzohydrazide (4e) 

Using the synthetic method of 4a, 2e and propionaldehyde gave 4e in 54% yield. 1H NMR 

(400 MHz, methanol-d4) δ 7.64 - 7.70 (m, 2H), 7.24 - 7.30 (m, 2H), 7.13 - 7.18 (m, 2H), 

7.03 - 7.07 (m, 2H), 6.93 - 6.98 (m, 1H), 2.84 (t, J = 7.32 Hz, 2 H), 1.42 - 1.52 (m, 2H), 

0.86 – 0.90 (t, J = 7.44 Hz, 3 H). 13C NMR (101 MHz, methanol-d4) δ 167.41, 147.98, 

141.93, 128.89, 128.35, 122.37, 121.59, 119.17, 114.19, 53.48, 20.62, 10.53. HRMS 

(APESI) m/z calcd for C16H19N3O. [M+H]+: 270.1601; found 270.1574. 
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Spectra 3.42: 1H NMR Spectra for the compound 4e.   

 

Spectra 3.43: 13C NMR Spectra for the compound 4e.   

12-BG-SP-108.001.001.1r.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical Shift (ppm)

3.002.081.881.262.492.542.522.25

7
.5

7
7
.5

5

7
.2

0
7
.1

7
7
.0

7
7
.0

7 6
.9

6
6
.9

4
6
.8

6
6
.8

4

2
.7

5
2
.7

4
2
.7

2

1
.5

2
1
.5

0
1
.4

8
1
.4

6
1
.4

4
1
.4

2

0
.9

0
0
.8

8
0
.8

6

12-BG-SP-108-13C.001.001.1r.esp

168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 32 24 16 8 0

Chemical Shift (ppm)

1
6
7
.4

1

1
4
7
.9

8

1
4
1
.9

3

1
2
8
.8

9
1
2
8
.3

5

1
2
2
.3

7
1
2
1
.5

9

1
1
9
.1

7

1
1
4
.1

9

5
3
.4

8

2
0
.6

2

1
0
.5

3



Chapter 3: Benzoyl hydrazides as HDAC3 inhibitors 
 

[115] 

 

 

Spectra 3.44: HPLC traces of compound 4e. 

 

Spectra 3.45: HRMS Spectra for the compound 4e.   

3.3.1.21. Preparation of UF010  

The reference compound UF010 was synthesized as per the reported protocol (Wang et al., 

2015). The percentage yield obtained was 57%. 1H NMR (400 MHz, methanol-d4) δ 7.57 - 

7.64 (m, 4H), 2.91 – 2.95 (t, J = 7.32 Hz, 2 H), 1.48 - 1.56 (m, 2H), 1.35 – 1.44 (m, 2H), 

0.92 – 0.95 (t, J = 7.44 Hz, 3 H). 13C NMR (101 MHz, methanol-d4) δ 166.33, 131.93, 

128.42, 126.50, 52.02, 30.10, 20.22, 13.94. HRMS (APESI) m/z calcd for C16H19N3O. 

[M+H]+: 271.1580; found 271.0440. 
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Spectra 3.46: 1H NMR Spectra for the compound UF010.   

 

Spectra 3.47: 13C NMR Spectra for the compound UF010. 
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Spectra 3.48: HPLC traces of compound UF010. 

 

Spectra 3.49: HRMS Spectra for the compound 4e.   

3.3.2. Cell culture studies 

In vitro cell culture studies were carried out by using four cancer cell lines for determining 

the cytotoxic activity of these compounds as per our earlier reported methodologies 

(Routholla et al., 2021b, 2021a). MTT assay was conducted using mouse breast cancer cell 

line (4T1), murine melanoma cancer cell line (B16F10), human breast cancer (MCF-7) cell 

line, human non-small cell lung cancer cell line (A549), human embryonic kidney (HEK – 

293) cell line, human corneal epithelial cell line (HCEC) and Raw 264.7 cell line (murine) 

that was collected from National Centre for Cell Science (NCCS, Pune, India). B16F10, 

MCF– 7, HEK – 293, HCEC and Raw 264.7 cell lines were cultured in DMEM (high 
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glucose media: AL007S, Dulbecco’s modified eagle medium) and 4T1 cell line was 

cultured in MEM (AT154, Minimum essential medium) and A549 cell line was cultured in 

DMEM/F-12 (AT140A, Dulbecco's Modified Eagle Medium /Nutrient Mixture F12 Ham, 

DMEM/F-12, 1:1 mixture) with 10% fetal bovine serum (FBS)and 1% antibiotic (Pen strep: 

A001) and was incubated at 37 °C under 5% CO2 atmosphere. MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], a yellow dye was considered for 

the assay. All the reagents were directly procured from Himedia Laboratories Pvt. Ltd., 

Mumbai, India. 

3.3.3. Chemicals and antibodies 

The synthesized compounds were dissolved in a DMSO stock solution and were stored for 

further experiments. The positive controls, Tubastatin A (Butler et al., 2010) and PT5e 

(Trivedi et al., 2019) were synthesised in-house with the reported protocols. HDAC 

fluorimetric drug discovery kits for HDAC1, 2, 3, 6 and 8 were purchased from Enzo life 

sciences, Delhi and HDAC4 and 5 were purchased from Invenio Biosciences, Mumbai. 

DAPI and Acridine Orange, propidium iodide and RNase were purchased from Sigma-

Aldrich. TACs Annexin-V/FITC – PI assay kit was purchased from Bio-legend and was 

used as per the protocol provided in the kit. For western blot analysis, all the antibodies 

were purchased from cell signalling technology except Ac-SMC3 purchased from Merck 

sigma. The details are provided below. Primary antibodies used were rabbit mAb H3K9 

acetylated histone H3 (#9649), H4K12 acetylated histone H4 (#13944), H3K27 acetylated 

histone H3 (#4353), alpha- Tubulin K40 acetylated (3971), acetylated SMC3 

(Lys105/106), clone 21A7 (MABE1073), Caspase-3 (#9662), Caspase-7 (#12827), BCL-2 

(#3498), EGFR (#2132), CD44 (#3578), cytochrome c (#4280), Ki-67 (#9129S) and mouse 

mAb beta-actin primary antibodies (#58169) and the secondary antibodies – anti-rabbit 

HRP linked antibody and anti-mouse IgG HRP-Linked antibody. 
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3.3.4. Pan-HDAC inhibition assay with Hela nuclear extract  

HDAC colorimetric assay kit (BML-AK500-0001) was used for the enzyme inhibition 

assay for pan-HDAC inhibition of the compounds as per the protocol reported earlier 

(Routholla et al., 2021b, 2021a). Each well of the microtiter plate was added with 5 μl of 

HeLa nuclear extract, 10 μl of assay buffer and 10 μl of 10 μM final concentration of the 

sample solution to be assayed. 25 μl of the Color de Lys® substrate solution was added 

subsequently to initiate the reaction and the microtiter plate was incubated for 30 mins at 

room temperature. 50 μl of the developer and stop solution were added towards the 

termination of the reaction. Further incubation of 15 mins at 37°C was facilitated and the 

absorbance was measured at 405 nm. The assay was carried out in duplicate and the results 

were analysed using Graph Pad Prism 8.0.1.  

3.3.5. HDAC1 inhibition assay 

HDAC1 fluorimetric drug discovery kit (BML-AK511-0001) was used for the enzyme 

inhibition assay for HDAC1 isozyme inhibition of the promising compounds following the 

protocol reported earlier (Routholla et al., 2021b, 2021a). Each well of the microtiter plate 

were added with 15 μl of diluted HDAC1 complex solution, 10 μl of 10 μM final 

concentration of the sample solution to be assayed. 25 μl of the Fluor de Lys® substrate 

solution was added subsequently to initiate the reaction and the microtiter plate was 

incubated for 15 mins at room temperature. 50 μl of Fluor de Lys® developer II and 

Trichostatin A solution were added towards the termination of the reaction. Further 

incubation of 45 mins at 37 °C was facilitated and the fluorescence intensity was recorded 

at excitation wavelength 360 nm and emission wavelength 460 nm. The same procedure 

was followed for the estimation of IC50 values using the concentration range of 0.0781 μM 

– 1.25 μM for 4c, 4e and 0.625 μM – 10 μM for UF010 in duplicate. Analysis was done 

using the non-linear regression analysis method using Graph Pad Prism 8.0.1.  
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3.3.6. HDAC2 inhibition assay 

HDAC2 fluorimetric drug discovery kit (BML-AK512-0001) was used for the enzyme 

inhibition assay for HDAC2 isozyme inhibition of the promising compounds according to 

the protocol reported earlier (Routholla et al., 2021b, 2021a). Each well of the microtiter 

plate was added with 15 μl of diluted HDAC2 complex solution, 10 μl of 10 μM final 

concentration of the sample solution to be assayed. 25 μl of the Fluor de Lys® substrate 

solution was added subsequently to initiate the reaction and the microtiter plate was 

incubated for 30 mins at room temperature. 50 μl of Fluor de Lys® developer II and 

Trichostatin A solution were added towards the termination of the reaction. Further 

incubation of 15 mins at 37 °C was facilitated and the fluorescence intensity was recorded 

at excitation wavelength 485 nm and emission wavelength 530 nm. The same procedure 

was followed for determining IC50 values using the concentration range of 0.625 μM to 5 

μM for 4c, 4e and UF010 in duplicate. Analysis was done using the non-linear regression 

analysis method using Graph Pad Prism 8.0.1.  

3.3.7. HDAC3/NCOR1 inhibition assay 

HDAC3/NCOR1fluorimetric drug discovery kit (BML-AK531-0001) was used for the 

enzyme inhibition assay for HDAC3 isozyme inhibition of the promising compounds as 

per the protocol reported earlier (Routholla et al., 2021b, 2021a). Each well of the microtiter 

plate was added with 15 μl of diluted HDAC3 complex solution, 10 μl of 1 μM and 0.625 

μM final concentration of the sample solution to be assayed. 25 μl of the Fluor de Lys® 

substrate solution was added subsequently to initiate the reaction and the microtiter plate 

was incubated for 15 mins at room temperature. 50 μl of Fluor de Lys® developer II and 

Trichostatin A solution were added towards the termination of the reaction. Further 

incubation of 45 mins at 37 °C was facilitated and the fluorescence intensity was recorded 

at excitation wavelength 360 nm and emission wavelength 460 nm. The same procedure 
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was followed for determining IC50 values using the concentration range of 3.9 nM to 1000 

nM for 4c, 4e and UF010 in duplicate. Analysis was done using the non-linear regression 

analysis method using Graph Pad Prism 8.0.1.  

3.3.8. HDAC8 inhibition assay 

HDAC8 fluorimetric drug discovery kit (BML-AK518-0001) was used for the enzyme 

inhibition assay for HDAC8 isozyme inhibition of the promising compounds following the 

protocol reported earlier (Routholla et al., 2021b, 2021a). Each well of the microtiter plate 

were added with 15 μl of diluted HDAC8 complex solution, 10 μl of 5 μM final 

concentration of the sample solution to be assayed. 25 μl of the Fluor de Lys® substrate 

solution was added subsequently to initiate the reaction and the microtiter plate was 

incubated for 10 mins at room temperature. 50 μl of Fluor de Lys® developer II and 

Trichostatin A solution were added towards the termination of the reaction. Further 

incubation of 45 mins at 37°C was facilitated and the fluorescence intensity was recorded 

at excitation wavelength 360 nm and emission wavelength 460 nm. The same procedure 

was followed for determining IC50 values using the concentration range of 0.005 μM to 1 

μM for 4c, 4e and UF010 in duplicate. Analysis was done using the non-linear regression 

analysis method using Graph Pad Prism 8.0.1.  

3.3.9. HDAC6 inhibition assay 

HDAC6 fluorimetric inhibitor screening kit (BML-AK516-0001) was used for the enzyme 

inhibition assay for HDAC6 isozyme inhibition of the promising compounds as per the 

protocol reported earlier (Routholla et al., 2021b, 2021a). Each well of the microtiter plate 

were added with 50 μl of diluted HDAC6 complex solution, 2 μl of 20 μM final 

concentration of the sample solution to be assayed. 48 μl of the Fluor de Lys® substrate 

solution was added subsequently to initiate the reaction and the microtiter plate was 

incubated for 30 mins at room temperature. 10 μl of Fluor de Lys® developer II was added 
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towards the termination of the reaction. Further incubation of 10 mins at 37 °C was 

facilitated and the fluorescence intensity was recorded at excitation wavelength 380 nm and 

emission wavelength 490 nm. The same procedure was followed for determining IC50 

values using the concentration range of 5 μM to 80 μM for 4c, 4e and UF010 in duplicate. 

Analysis was done using the non-linear regression analysis method using Graph Pad Prism 

8.0.1.  

3.3.10. HDAC4 inhibition assay 

HDAC4 fluorogenic kit was used for the enzyme inhibition assay for HDAC4 isozyme 

inhibition of the promising compounds. Each well of the microtiter plate was added with 5 

μl of 20 μM substrate solution, 5 μl of 1mg/ml BSA solution, 30 μl of HDAC buffer, 5 μl 

of 50 μM final concentration of the sample solution of 4c, 4e and UF010 in duplicate, to 

be assayed and 5 μl of HDAC4 enzyme of 0.012 ng/μl concentration. All the required 

components were prepared as per the protocol given. The microtiter plate was incubated 

for 30 mins at room temperature in a shaker. 50 μl of undiluted developer (2x) was added 

towards the termination of the reaction. Further incubation of 15 mins at 37 °C was 

facilitated and the fluorescence intensity was recorded at excitation wavelength 380 nm and 

emission wavelength 480 nm. Graphs were plotted using Graph Pad Prism 8.0.1.  

3.3.11. HDAC5 inhibition assay 

HDAC5 fluorogenic kit was used for the enzyme inhibition assay for HDAC5 isozyme 

inhibition of the promising compounds. Each well of the microtiter plate was added with 5 

μl of 20 μM substrate solution, 5 μl of 1mg/ml BSA solution, 30 μl of HDAC buffer, 5 μl 

of 50 μM final concentration of the sample solution of 4c, 4e and UF010 in duplicate, to 

be assayed and 5 μl of HDAC5 enzyme of 0.6 ng/μl concentration. All the required 

components were prepared as per the protocol given. The microtiter plate was incubated 

for 30 mins at room temperature in a shaker. 50 μl of undiluted developer (2x) was added 
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towards the termination of the reaction. Further incubation of 15 mins at 37 °C was 

facilitated and the fluorescence intensity was recorded at excitation wavelength 380 nm and 

emission wavelength 480 nm. Graphs were plotted using Graph Pad Prism 8.0.1. 

3.3.12. Cell culture and drug treatment in MTT assay 

The in vitro cytotoxicity of the synthesized molecules over different cancer cell lines and 

their selectivity over normal HEK–293, HCEC and Raw 264.7 cell lines were carried out 

by MTT assay procedure (Routholla et al., 2021b, 2021a). Cells were cultured as per the 

ATCC protocol in the specified media and were plated in a sterile 96-well plate with about 

100 µL/well of cell suspension in their respective media with a cell density of about 1 x 104 

cells per well and were incubated overnight for the cell attachment. The following day, the 

medium was aspirated and the cells were treated with two different concentrations at 10 

and 100 µM of the DMSO dissolved compounds in 150 µl of the respective media and were 

incubated for 72 h with 1% DMSO final concentration in the growth medium. The 

experiment was conducted in duplicate for every concentration. Post-treatment period, the 

media was aspirated and to this 50 µl of 5 mg/ml of MTT solution in phenol red-free media 

was added and incubated for about 3 h. The formation of formazan crystals was confirmed 

under a microscope. 150 µl of DMSO was added to each well after the removal of MTT 

solution for the dissolution of the formed crystals. The absorbance was measured at 570 

nm and 650 nm wavelengths. The % cell viability was calculated as follows: 

𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒐𝒇 𝒕𝒓𝒆𝒂𝒕𝒆𝒅 𝒄𝒆𝒍𝒍𝒔

𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒐𝒇 𝒖𝒏𝒕𝒓𝒆𝒂𝒕𝒆𝒅 𝒄𝒆𝒍𝒍𝒔
× 𝟏𝟎𝟎 

The same procedure was followed for the determination of IC50 values of the compounds 

to be assayed. Dilutions at different concentrations were prepared from the DMSO stock 

solutions of the compounds using the respective media as per the cell line. Dilutions were 

prepared of the concentrations, 200 µM, 100 µM, 50 µM, 25 µM, 12.5 µM, 6.25 µM, 3.125 

µM, 1.562 µM and 0.781 µM and also a blank control with 1% DMSO in media. The cells 
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were subsequently treated with these freshly prepared dilutions and were incubated for 72 

h. MTT assay was followed and the % cell viability was determined and the obtained results 

were depicted in the dose-response curve for the IC50 determination using Graph Pad Prism 

8.0.1.  

In the case of the HEK–293, HCEC and Raw 264.7 cell lines, the MTT assay was followed 

the same as previously described (Routholla et al., 2021b, 2021a). The dilutions of the 

compounds were prepared from their DMSO stock solutions into 2 mM, 1 mM, 500 μM, 

250 μM, 125 μM, 62.5 μM, 31.25 μM, 15.62 μM and 7.81 μM with the DMEM complete 

media and the IC50 values were determined from the dose-response curve analysed from 

the % cell viability values obtained from the MTT assay procedure.  

3.3.13. Nuclear staining assay 

The extent of disintegration of the cancer cells post-treatment with the promising 

compounds was found by performing nuclear staining assay (Routholla et al., 2021b, 

2021a). For this purpose, 4T1 cells were seeded into flat bottom 12 well plates and were 

incubated overnight for proper attachment. The following day, the media was aspirated and 

the cells were treated with control (1% DMSO solution), 4e (1.92 µM) and UF010 (8.40 

µM) and further incubated for 48 h. After the treatment, the cells were fixed by using 4% 

paraformaldehyde followed by staining with DAPI and Acridine Orange. The extent of 

nuclear staining in both control and treated cells was subsequently visualised under a 

fluorescence microscope (Leica microsystems, Germany) on 20x Magnification. 

3.3.14. Apoptosis assay 

Apoptosis assay was performed over B16F10 and 4T1 cells using TACs/ Annexin V kit 

purchased from Biolegend US (Routholla et al., 2021b, 2021a). In a flat bottomed 12 well 

plate, 0.5 million/well B16F10 and 4T1 cells were seeded and incubated overnight. The 

following day, the media was aspirated and the cells were treated with the compounds 4c, 
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4e and UF010 in duplicate as per their IC50 values for 72 h. Following the treatment period, 

the cells were washed twice with ice-cold PBS followed by trypsinization. The trypsinized 

cells were collected and centrifuged to obtain the cell pellet. Further, the cell pellet was 

washed twice with ice-cold PBS and the obtained cell pellet is resuspended in 100 µl 

Annexin V incubation reagent freshly prepared including 10X binding buffer (10 µl), FITC 

(1 µl), PI (10 µl) making up to 100 µl using double distilled water. This is further kept for 

incubation for about 30 mins at room temperature in dark. To this, 400 µl of 1X binding 

buffer was added per 100 µl of cell suspension and was analysed by flow cytometry 

(BDAriaTM III), BD biosciences. The data was analysed into four quadrants in the form of 

a dot plot. Each quadrant represents as follows: Q1 – necrotic cells, Q2 – late apoptosis 

cells, Q3 – live cells, Q4 – early apoptotic cells. The data together in Q2 and Q4 is 

considered as the total apoptotic population.  

3.3.15. Cell cycle analysis 

Cell cycle analysis was carried out by using flow cytometry and was analysed using FCS 

Express software (Routholla et al., 2021b, 2021a). For this assay, B16F10 and 4T1 cells 

were seeded in a flat bottomed 12 well plate with a cell density of 0.5 million cells/well 

and incubated overnight. The next day, the media was aspirated and the cells were treated 

with the compounds 4c, 4e and UF010 dissolved in the DMEM complete media of 5 µM 

final concentration and further were incubated for about 48 h. Post-treatment, the cells were 

washed with ice-cold PBS, trypsinized and were collected in the form of a cell pellet. This 

cell pellet obtained is further washed twice with ice-cold PBS and the cells were 

subsequently fixed using dropwise addition of ice-cold 70% ethanol vortexing gently to 

avoid clumping. Finally, the single-cell suspension was achieved and was confirmed under 

a microscope and was left at -20 °C overnight. The following day, the cells were centrifuged 

and the obtained cell pellet was re-suspended in 500 µl of staining solution prepared by 
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20% w/v RNase, 2% w/v PI in about 0.1% v/v of triton X 100 solution in PBS. The samples 

were incubated in dark for about 30 min at room temperature before the analysis. The cell 

cycle histograms were obtained and were analysed by flow cytometry (BDAriaTM III), BD 

biosciences. The data was obtained in the form of a dot plot with PI width on the X-axis 

and PI area on the Y-axis. The % cell population was analysed from the histogram plotted 

with PI area on the X-axis and counts on the Y-axis. The data were analysed using FCS 

Express software to measure the percentage of cells in each cell cycle phase.     

3.3.16. Animals 

All the in vivo experiments were conducted strictly adhering to the approved CPCSEA 

guidelines of the Institutional Animal Ethics Committee (IAEC), Department of Pharmacy, 

BITS Pilani, Hyderabad Campus, Hyderabad. For the pharmacokinetic study, male Wistar 

rats about 7 – 8 weeks old of weight 200 – 220 g were purchased and for in vivo antitumor 

study in a tumor xenograft model, female Balb/c mice of about 6 – 8 weeks of age weighing 

18 – 22 g were procured from National Centre for Laboratory Animal Sciences, National 

Institute of Nutrition (Hyderabad, India). All the animals were housed according to 

grouping in the separate cages that were kept in a room with room temperature maintained 

at 23±2 °C and relative humidity at 60±10% in a 12 h light/ 12 h dark cycle. Animals were 

fed with standard laboratory food and water.  

3.3.17. In vivo pharmacokinetic study 

The pharmacokinetic study was carried out in male Wistar rats and was grouped into 3 

groups of control, 15 mg/kg and 25 mg/kg of 4e with 3 rats in each group. The rats were 

intravenously administered using control (vehicle alone) and 4e (10 mg/ml) solution in 

saline. The compound was dissolved in saline containing 5% DMSO. After administration 

of 4e, the blood samples of about 500 µl were collected at different time points (pre-dose, 

0.25 h, 0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h and 24 h) from the retro-orbital plexus while 
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placing rats under anaesthetic conditions. Once in 2 h, a fluid replacement was carried out 

by administering 1.5 ml of saline, USP. The obtained blood samples were centrifuged for 

collecting plasma and was stored at –20 °C for further analysis. 4e was extracted from 

plasma by protein precipitation method and the samples were analysed by HPLC Shimadzu. 

Linear trapezoidal rule was used for the calculation of area under the concentration and 

time curve (AUC values). Non-compartmental analysis was used to obtain the pk 

parameters. The clearance was estimated as CL=Dose/AUCinf; MRT=AUMCinf/AUCinf. A 

similar procedure was carried out for the intraperitoneal route of administration for the 

compound 4e at 15 mg/kg and 25 mg/kg and the reference compound UF010 at 25 mg/kg, 

respectively. Data obtained represents mean ± standard deviation of the mean for n = 3.  

3.3.18. In vivo antitumor activity by the 4T1-Luc xenograft mouse model 

For the in vivo antitumor study of the compounds, 4T1-Luc cells cultured as per ATCC 

guidelines (in MEM complete media) of about 1.5 million cells that were suspended in 100 

µl of sterile PBS were inoculated for the tumor implantation. The cells were subcutaneously 

injected into the dorsal flank region of the female Balb/c mice. Tumors started appearing 

after 10 days post-injection of the cells. Tumor volume was measured regularly using a 

vernier calliper and calculated as tumor volume = [(length × width2)÷ 2]. Once, the tumor 

volume reached about 50 mm3,12 mice were grouped into 3 groups with n = 5 mice in each 

group. Compound UF010 and 4e were dissolved in the vehicle consisting of 5% DMSO, 

30% camphor and 65% saline. The treatment regimen was for 21 days (5 days/ week) and 

4 groups of mice were treated with vehicle alone (control group), UF010 as a positive 

control at 25 mg/kg, and 15 mg/kg and 25 mg/kg of 4e for the treatment period. Every 3 

days, the mice body weight and the tumor volume was recorded.  

3.3.19. In vivo Bioluminescence image analysis  

Bioluminescence analysis was carried out by using in vivo imaging technique to monitor 
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the growth of tumors periodically using IVIS® Lumina III, PerkinElmer, USA. Mice were 

placed in the induction chamber with the flow of 2% isoflurane and O2 continuously to 

anaesthetize them. Subsequently, Luciferin D (100 µl, 100 mg/kg dissolved in sterile PBS) 

was injected intraperitoneally. After 2 mins, mice were placed inside the imaging facility 

for bioluminescence imaging. Two from each group of mice was selected randomly and 

were monitored for tumor growth on day 10 and day 21 of the treatment period and the 

images were acquired. The region of interest around the tumor area was selected and the 

bioluminescence signals were analysed in the units of photons/sec/cm2/sr (maximum 

photons per second per centimetre square per steradian).  

3.3.20. Survival study post tumor resection 

After 21 days of treatment, mice were anaesthetized and the tumor area of the mice was 

cleaned, shaved and the tumor removal was performed surgically under sterile conditions 

following the reported protocols. Post-tumor resection, auto-clip applier was used and the 

surgical site was closed and the mice were placed in individual cages following strict 

adherence to the institutional guidelines for about 21 days. The mice were monitored for 

their survival and the data were analysed using Graph Pad Prism 8.0.1. and represented as 

Kaplan-Meier plots. The data represented in the graphs were calculated from at least four 

independent experiments and calculated as mean ± SEM. 

At the end of the study, the mice were sacrificed and the tumors were isolated and stored 

in a tissue freezing medium at -80 °C for further experiments. Other organs like the heart, 

kidney, spleen, liver and lungs were also isolated and stored further for 

immunohistochemical analysis. Tumor sections were further lysed in ice-cold 1X RIPA 

lysis buffer, 0.5 mM PMSF and protease inhibitor and stored at -80 °C for western blot 

analysis. Part of the tumors from the control group as well as the treated mice were 

sectioned into 5 μm thickness using cryotome (Leica Biosystems, Germany). These tumor 
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and tissue sections were further used for immunohistochemical analysis.  

3.3.21. ROS generation in tumor tissues 

The production of ROS was evaluated by using the DCFH-DA probe. Mice were 

anaesthetized (n=2) and they were intratumorally injected with DCFH-DA (100 μl, 25 μM) 

on day 21 of the treatment. Images were obtained with IVIS® Lumina III, PerkinElmer, 

USA. The fluorescence intensity [(p/sec/cm2/sr)/µW/cm2] was quantified by choosing the 

region of interest. After 30 mins, the tumors were surgically isolated and the tumor sections 

were observed under a fluorescence microscope. 

3.3.22. TUNEL assay on tumor cryosections 

TUNEL assay was carried out in the tumor tissue sections as per the previous protocol. The 

tumor sections were placed onto the slides and were stained using a TUNEL reagent kit 

and were fixed using 4% paraformaldehyde solution. The stained tumor sections were 

imaged with the help of a fluorescent microscope using blue and green filters. Image J 

software was used to process and analyse the obtained images. 

3.3.23. Immunohistochemistry of tumor sections and H&E staining 

Immunohistochemical analysis was performed on tumor sections using the Ki-67 

biomarker for the analysis of cell proliferation. The tissue sections were fixed with 4% 

paraformaldehyde onto the slides. The sections were further incubated with the primary 

antibody of Ki-67 with a dilution of 1: 500 at 4 °C. After overnight incubation, the tumor 

sections were washed using 1X PBS and were further incubated with secondary antibody 

conjugated with Alexa Fluor® 488 for 3 h. After washing the sections with 1X PBS twice, 

the coverslip was placed onto the sections and was visualised under a fluorescent 

microscope for the extent of proliferation indicated by Ki-67 positively stained cells.  

Immunohistochemical analysis of various organ sections and tumor sections was done 

following the reported protocol (Routholla et al., 2021b, 2021a). The sections obtained 
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from all the major organs isolated from mice were stained using H and E (Harris 

haematoxylin and eosin) reagent purchased. The images obtained after staining were 

visualised under a light microscope. 

3.3.24. Western blot analysis in vitro and in vivo 

For the western blotting of H3K9 acetylated histone H3(#9649S), H4K12 acetylated 

histone H4 (#13944S), in B16F10, murine melanoma cells were cultured in flat-bottom 96 

well plates and allowed to grow 24 h, and then they were treated with the 4e, and UF010 

as a reference at 5 µM, 10 μM final concentrations for 24 h. Similarly, for the western 

blotting of H3K27 acetylated histone H3 (#4353), alpha- Tubulin K40 acetylated (#3971), 

acetylated SMC3 (Lys105/106) (#MABE1073), in 4T1, murine breast cancer cells were 

cultured in flat-bottom 96 well plates and allowed to grow 24 h, and then they were treated 

with the 4e, and UF010 as a reference at 5 µM, 10 μM final concentrations for 24 h. After 

treatment, the whole cell lysate was prepared by using 100 μl1X RIPA lysis buffer 

(Millipore, Billerica, MA, USA), supplemented with 0.5 mM phenylmethylsulfonyl 

fluoride (PMSF) and protease inhibitor. Similarly, for the in vivo tumor tissue model 3 mg 

of tumor tissue from the tumor xenograft model from mice treated with 4e at 15 mg/kg and 

25 mg/kg was homogenised with 100 μl 1X RIPA lysis buffer (Millipore, Billerica, MA, 

USA), supplemented with 0.5 mM phenylmethylsulfonyl fluoride (PMSF), protease 

inhibitor and separated the protein extract. The extracted protein was quantified using the 

BSA protein estimation kit. The whole-cell lysates 20 μl and 20 μl (15 ng) of tumor proteins 

were heated at 95 °C for 7 mins with 5 μl of loading buffer (4X). Then, the denatured 

proteins were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis. 

Gels were transferred to the polyvinylidene fluoride membranes (Bio-Rad, Laboratories, 

Inc.) and membranes were blocked in 5% non-fat skimmed milk (Bio-Rad, Laboratories, 

Inc.) in tris-buffered saline with 1% Tween 20 (TBST), and incubated with Rabbit mAb 
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H3K9 acetylated histone H3 (#9649S), H4K12 acetylated histone H4 (#13944S), Caspase-

3 (#14220), Caspase-7 (#12827), BCL-2 (#3498), EGFR (#2132), CD44 (#3578), 

cytochrome c (#4280) and Mouse mAb beta-Actin as an internal control and primary 

antibodies (Cell Signalling Technology, Inc.), then used Horseradish peroxidase (HRP)-

conjugated anti-rabbit secondary antibody (Cell Signalling Technology, Inc.), and 

visualized with a chemiluminescence kit (Bio-Rad, Laboratories, Inc.), and exposed using 

a Fusion plus 6 Imaging System (Vilber Lourmat, France). 

3.3.25. Statistical analysis 

All the data are reported as means ± standard deviation or mean ± standard error mean. 

Differences were analysed by Student’s t-test and one-way ANOVA (with 95% confidence 

interval). p values < 0.05, were considered statistically significant. 

3.3.26. Molecular docking analysis 

The crystallographic structures of the HDAC isoforms (i.e., HDAC1, HDAC2, HDAC3, 

HDAC6 and HDAC8) required for the molecular docking analysis were procured from the 

Protein Data Bank (Bank, n.d.). In this study, the GLIDE module of the Schrodinger 

Maestro v12.1 software (“Schrçdinger Suite, Schrçdinger, LLC, New York, USA, 2019. 

http://www.schrodinger.com/glide.,” n.d.) was used for the molecular docking study to 

know the enzyme-ligand interactions of these synthesized hydrazide compounds. At the 

inceptive step, the ‘Protein Preparation Wizard’ of Maestro v12.1 (Bank, n.d.) is used for 

the optimization and preparation of these HDACs including the addition of missing 

hydrogen atoms, generation of states and refinement (He et al., 2020; “Schrçdinger Suite, 

Schrçdinger, LLC, New York, USA, 2019. http://www.schrodinger.com/glide.,” n.d.). In 

this protein preparation process, the OPLS_2005 force field has been utilized for the 

restrained minimization of the proteins. After the protein preparation, the ‘Receptor Grid 

Generation’ module from Maestro v12.1 is used to locate the active site and to prepare the 
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receptor grid for the docking study (He et al., 2020; “Schrçdinger Suite, Schrçdinger, LLC, 

New York, USA, 2019. http://www.schrodinger.com/glide.,” n.d.). The synthesized 

hydrazide molecules were prepared with the help of the Ligprep module of Maestro v12.1 

using the OPLS_2005 force field. Finally, the molecular docking was executed with the 

extra precision (XP) method using the GLIDE module (He et al., 2020; “Schrçdinger Suite, 

Schrçdinger, LLC, New York, USA, 2019. http://www.schrodinger.com/glide.,” n.d.). The 

post-docking results executed different docking poses of these compounds with different 

docking scores. These docked conformations were studied and ranked depending on their 

docking scores and binding interactions at the active site of these HDACs. 

3.4. CONCLUSION 
 

In this current study, some novel small molecule hydrazides with different acetyl, aryl or 

aroyl substituents as cap group was synthesized as potent HDAC3-selective inhibitors. 

Among the compounds of the series, compound 4e was identified as the lead molecule 

having potent and selective HDAC3 inhibition (IC50 = 15.41 nM) with more than 18-fold 

HDAC3 isoform selectivity over other class I HDACs and more than 3000-fold selectivity 

over HDAC4, HDAC5 and HDAC6. All the compounds in the series possess significant 

cytotoxicity against various cancer cell lines such as 4T1, B16F10, MCF-7 but were found 

to be comparatively less potent against the A549 cell line. The result of in vitro cytotoxicity 

experiment suggested a higher inhibitory efficacy for the murine cancer cell lines when 

compared to that of the human cancer cell lines used. Notably, all the compounds were 

significantly less toxic when tested in vitro against the normal cell lines such as HEK-293, 

HCEC and Raw 264.7. Compound 4e exhibited the highest potency against 4T1 cells (IC50 

= 1.92 µM) with more than 80-fold selectivity for cancer cells over normal cells. Further, 

the in vivo pharmacokinetic study of compound 4e in rats revealed the t1/2 of 2.19 h and 

2.62 h when treated with 15 mg/kg and 25 mg/kg body weight dose when tested 
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intravenously and with the t1/2 of 3.41 h and 4.54 h when treated with 15 mg/kg and 25 

mg/kg body weight dose respectively. For the first time in this study, compound 4e being 

the lead molecule was subjected to evaluation for the in vivo antitumor potency at two 

different doses (15 mg/kg and 25 mg/kg) in the 4T1-Luc xenograft model in the female 

Balb/c mice. It was found that compound 4e exhibited promising antitumor activity with 

reduced tumor volume after 21 days of treatment with 4e when compared to the vehicle 

control group and reference compound UF010 treated group, and with no general toxicity 

in the main organs which is evidenced by the H&E staining assay of treated organ tissues. 

Enhanced acetylation levels on H3K9 and H4K12 residues were found both in vitro and in 

vivo experiments when treated with compound 4e. Significant apoptotic activity was 

noticed upon treatment with compound 4e which was further evidenced by the upregulated 

levels of pro-apoptotic proteins caspase-3, caspase-7, cytochrome c and downregulated 

levels of BCL2 in treated tumor tissue isolated from the experimental mice. The reduced 

proliferation and metastasis and increased survival rate of the treated mice were found and 

was further supported by the downregulation of CD44, EGFR and Ki-67 in the tumor. 

Further, cell cycle arrest at G2/M in B16F10 cells and 4T1 cells reaffirmed the programmed 

cell death mechanism leading to apoptosis. Immunohistochemical analysis by TUNEL 

assay and ROS generation assay supported the findings that the mice treated with 4e 

possessed significant apoptotic activity. Altogether, these results with promising antitumor 

activity in the in vitro as well as in vivo experiments suggested that compound 4e is a 

selective and potent HDAC3 inhibitor and can be considered as a promising anticancer 

therapeutic for further development in preclinical and clinical evaluation.   
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4.1. INTRODUCTION 

Breast cancer is one of the most commonly diagnosed cancer accounting for most 

cancer-related deaths in women worldwide (Harbeck et al., 2019; Siegel et al., 2022). 

Breast cancer is a heterogeneous disease that is caused due to both genetic and epigenetic 

changes (Harbeck et al., 2019). Based on their gene expression profiling and molecular 

characteristics, breast cancer can be divided into four subtypes, i.e., luminal A (an estrogen 

receptor (ER)/progesterone receptor (PR)-positive and human epidermal growth factor 

receptor 2-negative; ER+, PR+, HER2-), luminal B (ER+, PR+, HER2+), human epidermal 

growth factor receptor 2-positive (HER2+), and triple-negative breast cancer (ER-, PR-, 

HER2-) (Rahbari et al., 2022). Among these, triple-negative breast cancer (TNBC) 

accounts for almost 15% of all breast cancer types characterized by poor prognosis, and 

high rates of metastasis along with a high risk of relapse resulting in overall fewer survival 

rates (Bianchini et al., 2022). With limited targeted therapeutic interventions for TNBC 

treatment and the most common being chemotherapy, there is a higher incidence of 

chemotherapeutic resistance in TNBC patients overtime (Bianchini et al., 2022; Han et al., 

2019; Maccallini et al., 2022). Different mechanisms of chemoresistance in the TNBC (Cao 

et al., 2021; Han et al., 2019; Ji et al., 2019; O’Reilly et al., 2015) include: a. Multi-drug 

resistance caused by efflux transporters such as ABC transporters that include P-

glycoprotein (P-gp), multi-drug resistance-associated protein (MRP1), breast cancer 

resistance protein (BCRP); b. Signalling pathways that are implicated in the survival, 

growth, and invasion of cancer cells such as PTEN/ PI3K/ Akt/ mTOR (PAM), JAK/ 

STAT, NF-κB, TGF-β; c. Dysregulated micro RNAs such as miR-221/222, miR-873, miR-

770, and miR-342-3p that lead to metastasis and chemoresistance; d. Pathways causing 

cancer stem cell self-renewal such as Wnt/Frizzled/β-catenin, Hippo, Notch, and Hedgehog 

pathways. Histone deacetylase inhibitors (HDACis) such as trichostatin A (TSA) (H. Luo 
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et al., 2021), vorinostat (SAHA) (Duan et al., 2017), belinostat (Chi et al., 2021), and 

CG200745 (Lee et al., 2017) were found to sensitize the resistant cancer cells to 

conventional chemotherapy bypassing or regulating the efflux transporter mechanism by 

ABC transporters, BCRP, MRP1 and also by cancer stem cell reprogramming (Asfaha et 

al., 2020; Fatma et al., 2022; Stenzel et al., 2017; Wang et al., 2016; You et al., 2020). 

Therefore, targeted therapies that overcome chemoresistance may provide a better 

opportunity for precision medicine and thus, offer improved treatment for patients suffering 

from breast cancer.    

Epigenetic changes leading to the alteration in the gene expressions were established 

as one of the most important reasons for cancer development and progression (Sharma et 

al., 2010). Targeting these epigenetic modifications is one of the important strategies for 

cancer treatment (Arrowsmith et al., 2012). Among several post-translational 

modifications, the acetylation of histone proteins is most widely reported (Mai et al., 2005). 

Two different enzymes namely histone acetyltransferases (HATs) and histone deacetylases 

(HDACs) catalyze the acetylation and deacetylation processes of the N-terminal lysine 

residues of the histone proteins respectively leading to the regulation of gene expression. 

HDACs are known to be involved in the post-translational modification of both histone and 

non-histone proteins and thus, play a crucial role in various cellular and mechanistic 

pathways (Gallinari et al., 2007). 

The deacetylation of the lysine residues by HDACs leads to the repression of gene 

expression (eg; tumor suppressor genes) and hence their overexpression is known to be 

associated with different types of cancers and their etiology (Mai et al., 2005). Therefore, 

targeting HDACs has widely been explored in the treatment of cancer, and in this direction, 

several HDACis have been reported over the last two decades (Ahmad Ganai et al., 2016; 

De Simone and Milelli, 2019; He et al., 2022; Ho et al., 2020; Li and Seto, 2016; Pulya et 
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al., 2020; Sarkar et al., 2020; Trivedi et al., 2019, 2018; Yang et al., 2019). Till date, 18 

mammalian HDAC isoforms have been identified, and these are categorized into four 

classes namely, class I HDACs (HDAC1 – 3, and HDAC8), class II HDACs (HDAC4 – 7, 

HDAC9, and HDAC10), class III HDACs (Sirtuins) and class IV HDAC (HDAC11) 

(Bradner et al., 2010). So far, five HDACis (vorinostat, belinostat, romidepsin, 

panobinostat, and chidamide) have been clinically approved for the treatment of specific 

haematologic cancers (Manal et al., 2016). Further, several other small molecule HDACis 

are being explored for the treatment of a variety of haematological malignancies as well as 

solid tumors (Cui et al., 2022; He et al., 2022; M et al., 2022; Maccallini et al., 2022; Zhou 

et al., 2021). It is known that the clinical efficiency of the reported HDACis is known to be 

limited in haematologic tumors and also has a poor manifestation in solid tumors as there 

are no clinically approved HDACis for the treatment of solid tumors (Kim and Bae, 2011; 

Manal et al., 2016). Major limitations of the existing HDACis in solid tumors such as breast 

cancer, and colorectal cancer might be poor pharmacokinetic profile and less metabolic 

stability of the molecules (Cui et al., 2022; Maccallini et al., 2022; Rahbari et al., 2022; 

Zhou et al., 2021). Moreover, because of their non-specificity against different HDAC 

isoforms, the treatment with HDACis may often lead to several adverse effects and dose-

related toxicities. Therefore, identifying and developing isoform-selective HDAC 

inhibitors with improved metabolic stability and pharmacokinetic profile has been the main 

objective of researchers in this area of epigenetic drug discovery.  

HDAC3, a class I HDAC isoform, is well known to be involved in various phases of 

breast cancer development. HDAC3 overexpression leads to various stages of disease 

progression such as proliferation, apoptosis, angiogenesis, cell cycle regulation, and 

metastasis (Rahbari et al., 2022). Higher levels of HDAC3 expression were found 

particularly in TNBCs than non-TNBCs (Bianchini et al., 2022; Hanigan et al., 2017; Kwak 
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et al., 2019). Literature reports established the key role of HDAC3 in various pathways 

where HDAC3 selective inhibition or knockdown led to the upregulated expression of p53 

acetylation, enhanced p21 mRNA levels leading to cell cycle arrest, and eventually leading 

to apoptosis (Park et al., 2020; Yang et al., 2018). HDAC3 expression was found to be 

linked to cancer stem cell homeostasis by increased β-catenin expression via Akt/ GSK3β 

pathway (Hsieh et al., 2017). HDAC3 inhibition or knockdown using siRNAs led to 

reduced Errα (estrogen-related receptor alpha) mRNA protein levels and stability leading 

to decreased proliferation in breast cancer cells (Oie et al., 2013; S. Yu et al., 2020). Many 

other recent reports using HDAC3 selective inhibitors have established the critical role of 

HDAC3 in the in vitro as well as in vivo models of breast cancer (Adhikari et al., 2021; 

Hanigan et al., 2017; Kwak et al., 2019; Rahbari et al., 2022; Su et al., 2021; Wei et al., 

n.d.; Yang et al., 2018). The structure and regulatory mechanisms of HDAC3 are well 

established and therefore, the discovery and development of selective HDAC3 inhibitors 

have become the most promising therapeutic strategy against various cancers (Watson et 

al., 2012). 

The general pharmacophoric structure of the reported HDACis consists of a cap 

region, a linker region, and a zinc-binding group (ZBG) (Adhikari et al., 2018). Based on 

the chemical motif of ZBG that binds to the active catalytic site of the HDAC enzymes, 

HDACis have been classified into four major classes, such as hydroxamates, benzamides, 

cyclic tetrapeptides, and short-chain fatty acids, but recently several other ZBGs have been 

identified like phenols, thiols, hydrazides, etc (Chen et al., 2019; X. Luo et al., 2021; 

Melesina et al., 2021; Wagner et al., 2013; Yue et al., 2022; Zhang et al., 2018). Most of 

the HDACis with hydroxamates as the ZBGs are pan-HDACis with several off-target 

effects and poor bioavailability (Shah, 2019). On the other hand, HDACis with benzamides 

as ZBG were widely reported as somewhat specific HDACis and many of them have been 
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studied preclinically. Unfortunately, none of them made it to the clinic so far, which may 

be owing to their poor pharmacokinetic profile and cardiotoxicity (Balasubramanian et al., 

2009; Chen et al., 2009; Dokmanovic et al., 2007; Thomas et al., 2008). Therefore, there is 

an unmet need to identify highly specific HDACis with potent inhibitory activities 

possessing improved bioavailability and metabolic stability, particularly for the treatment 

of solid tumors. In this direction, recently HDACis with hydrazide ZBG have been reported 

to be the new-generation HDACis with high specificity as well as potency along with 

improved pharmacokinetic profile and in vivo antitumor potency exerting less off-target 

effects (Jiang et al., 2022; Li et al., 2020; Mahmud and Liao, 2015; McClure et al., 2016, 

2017; Wang et al., 2015). Our group recently has reported a promising HDAC3 inhibitor, 

4e, with hydrazide as ZBG possessing HDAC3 inhibitory activity at the nanomolar level 

(HDAC3 IC50 = 15.41 nM) and displaying significant antitumor potency in vivo in a 4T1-

Luc tumor-bearing mouse model (Pulya et al., 2022). With those encouraging results, we 

now propose that modification in either cap and linker region of the reported lead molecule 

might offer improved HDAC3 selectivity and potency with improved druggable properties. 

With the established role of HDAC3 in breast cancer and its higher levels of expression in 

TNBCs, specific HDAC3 inhibition could provide targeted treatment for breast cancer, 

particularly TNBCs (Bianchini et al., 2022; Maccallini et al., 2022; Rahbari et al., 2022). 

In this chapter, we have discussed and reported the design, synthesis, and biological 

evaluation of a small library of 20 molecules with a pyrazino-hydrazide scaffold having 

different modifications in the cap region and either n-butyl or n-propyl hydrazide as the 

ZBG. In this series, pyrazine has been included as the linker scaffold owing to its more 

drug-likeliness nature and a high potential for protein interactions (Juhás and Zitko, 2020). 

We performed the in vitro biochemical HDAC enzyme inhibition assay for assessing their 

HDAC isoform inhibitory potency and selectivity. Further, all these compounds were tested 
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for their in vitro cytotoxicity profiling against various subtypes of breast cancer cell lines 

and also studied their selectivity over normal human cell lines. The identified lead 

compound 4i was then subjected to its detailed in vitro and in vivo biological evaluation. 

Further, compound 4i was also studied for its chemosensitizing properties in chemotherapy 

(oxaliplatin) resistant MDA-MB-231 cells in vitro. Again, compound 4i was subjected to 

in vitro metabolic stability assessment using rat liver microsomes as well as in vivo 

pharmacokinetic analysis. Lastly, the in vivo antitumor efficacy of compound 4i was also 

assessed in the 4T1-Luc tumor xenograft mice model followed by rigorous mechanistic and 

immunohistochemical analysis of the tumor tissue.   

4.2. RESULTS AND DISCUSSION 

4.2.1. Design and the synthesis of the novel pyrazino-hydrazide derivatives as 

HDAC3 inhibitors. 

In our quest of identifying selective and potent HDACis, so far, we have reported a few 

series of small molecule benzamides with preferential selectivity towards HDAC3 

(Hamoud et al., 2020; Pulya et al., 2021; Routholla et al., 2021a, 2021b; Trivedi et al., 

2018). Among those series of molecules, the lead compounds PT3, 5e, 5f, 11a, and 12b 

(Figure 4.1) with different cap groups have exhibited promising HDAC3 selective 

inhibition (Hamoud et al., 2020; Pulya et al., 2021; Routholla et al., 2021a, 2021b; Trivedi 

et al., 2018). Further, in this direction we have also recently reported a series of highly 

potent and selective HDAC3 inhibitors with hydrazide as ZBG of which, the lead 

compound 4e (Pulya et al., 2022) has shown excellent HDAC3 selective inhibition at 

nanomolar potency (HDAC3 IC50 = 15.41 nM) and potent in vivo antitumor potential when 

compared to the reference compound UF010,(Wang et al., 2015) a class I selective HDAC 

inhibitor. So far, compounds bearing hydrazide as ZBG were reported to be highly potent 

HDACis with preferential selectivity towards class I HDAC isoforms (Jiang et al., 2022; 
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Li et al., 2020; McClure et al., 2016; Wang et al., 2015). Our recent report with benzoyl 

hydrazide scaffold exhibited excellent selectivity and potency at the nM level and also 

displayed promising in vitro and in vivo antitumor potential against the 4T1-Luc cell line 

(Pulya et al., 2022). In this direction, we further envisioned exploring hydrazide as ZBG 

with different modifications in the cap group as well as the linker region. This present work 

discloses the design and synthesis of novel pyrazino-hydrazide compounds employing a 

hybrid structure strategy. Keeping intact, the basic pharmacophore model of HDACis 

consisting of a cap region, linker, and ZBG, this new series of compounds was designed 

from the lead compounds reported previously by our group. BG-45,(Minami et al., 2014) 

a selective small molecule HDAC3 inhibitor with pyrazino-benzamide scaffold is the core 

of our design. Pyrazine fragment due to its heteroaromatic nature is capable of possessing 

several interactions with proteins, which makes it a potential aromatic isostere of biological 

importance (Juhás and Zitko, 2020). The introduction of a pyrazine fragment into the 

pharmacophoric structure of HDACis might lead to more metabolically stable compounds 

with improved pharmacokinetics (Subbaiah and Meanwell, 2021). We started our design 

by replacing the benzamide of BG-45 with substituted hydrazide as the ZBG. Our next step 

was to introduce the amine group at the para position of the pyrazine moiety. We further 

started incorporating various substitutions at the para-amino group such as acetyl, aryl, 

aroyl, and also a few heteroaryl groups along with substituted hydrazide with n-butyl or n-

propyl alkyl carbon chain as ZBG. For understanding the effect of the cap group, we 

strategically incorporated cap groups from our previous lead compounds into this design, 

such as the benzyl group from PT3,(Pulya et al., 2021) indole and quinoline groups from 

5e, 5f, 11a, and 12b (Routholla et al., 2021a, 2021b) respectively, and the aniline group 

from 4e (Pulya et al., 2022) along with few others cap groups such as naphthalene, 

piperidine, and p-methoxy benzylamine. With this design, we have synthesized and studied 
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in detail the SAR of the series of 20 compounds in this report. The design of the pyrazino-

hydrazide series of compounds including the inhibitory activity (IC50) values of our 

previous lead compounds is represented in Figure 4.1. 

 

Figure 4.1. (A) Structures of the lead compounds of HDAC3 selective inhibitors previously 

reported from our group and their HDAC3 IC50 values; (B) Design of the pyrazino-

hydrazide series of compounds. 

4.2.2. Synthesis of the designed compounds 

Scheme 4.1 and scheme 4.2 represents the synthesis of the final compounds 3f to 3k and 4f to 

4k. The compounds 1f to 1k were synthesized from the starting materials directly purchased 

using the reaction conditions specified in schemes 4.1 and 4.2. Further reaction with an excess 

of hydrazine monohydrate under the reflux conditions gave the corresponding hydrazides 2f to 

2k. The final compound synthesis involved a two-step reaction. First, the hydrazides were 

reacted with either butyraldehyde or propionaldehyde in the presence of MgSO4 and ethanol. 

The crude intermediate was then subjected to imine reduction to obtain the final compounds 3f 

to 3k and 4f to 4k. 
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Scheme 4.1. Reagents and conditions: (i) Conc. H2SO4, MeOH, 3 h; (ii) NH2NH2.H2O, 

MeOH, 6 h, reflux; (iii) (a) propionaldehyde (or) butyraldehyde, MgSO4, EtOH, 2 – 3 h, rt; 

(b) NaBH3CN, MeOH, pH 5, 30 min, rt. 

 

Scheme 4.2. Reagents and conditions: (i) (g) aniline, PTSA, 1,4-dioxane, 110 °C, 12 h, 

reflux; (h) benzylamine, PTSA, 1,4-dioxane, 110 °C, 12 h, reflux; (i) p-

methoxybenzylamine, THF, 12 h, reflux; (j) napthyl-1-amine, PTSA, 1,4-dioxane, 110 °C, 

18 h, reflux; (k) piperidine, DIPEA, DMF, 5 h, rt; (ii) NH2NH2.H2O, MeOH, 6 h, reflux; 

(iii) (a) propionaldehyde (or) butyraldehyde, MgSO4, EtOH, 2 – 3 h, rt; (b) NaBH3CN, 

MeOH, pH 5, 10 min, rt.  

Scheme 4.3 depicts the synthesis of the final compounds 3l to 3o and 4l to 4o. For this 

purpose, the compounds 3i and 4i were subjected to the deprotection of the p-methoxy 
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benzyl group using trifluoracetic acid under heating conditions at 60 °C for 2 h to obtain 3l 

and 4l respectively. Acetylation at the free amino group of 3l and 4l by acetyl chloride in 

the presence of triethylamine and dichloromethane for 5–6 h at room temperature gave us 

the compounds 3m and 4m. Further, the synthesis of the compounds 3n, 3o, 4n, and 4o 

were carried out by the EDC-HOBt acid-amine coupling reaction for the amide formation 

for 16 h at room temperature using 3l and 4l with the 5-indole and 6-quinoline carboxylic 

acids respectively as represented in the Scheme 4.3. The experimental procedures followed 

for the synthesis are described in the chemistry experimental section. All the final 

compounds including UF010 were confirmed for their percentage of purity using HPLC/ 

LC-MS analysis and were found to be >95% pure. The physicochemical characterization 

of the final compounds was carried out by 1H, 13C NMR, LC-MS, and HRMS analysis. All 

the obtained spectral data are given in the supporting information file (Spectra 4.1 – 4.111).  

 

Scheme 4.3. Reagents and conditions: (i) CF3COOH, 60 °C, 2 h; (ii) (a) CH3COCl, NEt3, 

DCM, 3 – 5 h, rt; (b) indole-5-carboxylic acid or quinoline-6-carboxylic acid, EDC, HOBt, 

NEt3, DCM, 16 h, 0 °C – rt.  

4.2.3. HDAC isoform enzyme inhibition assay. 

As a first step, all the synthesized compounds (3f – 3o, 4f – 4o) were evaluated for their 
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pan-HDAC inhibitory activity (HeLa nuclear extract) at 5 µM concentration (Figure 4.2) 

followed by their HDAC3 inhibitory activity at 1 µM concentration (Figure 4.3) as per the 

given protocol.(Pulya et al., 2022) It was interesting to note that all of these compounds 

provided better HDAC3 inhibition (% inhibition) compared to pan-HDAC inhibition (% 

inhibition). However, the reference molecule UF010 yielded more or less similar % 

inhibition data for both pan-HDAC (58.06%) and HDAC3 (57.39%). Nevertheless, all 

these compounds (except compound 3f) resulted in better HDAC3 inhibition (inhibitory 

activity range = 59.61% to 99.48%) than UF010. Therefore, it pointed out clearly that all 

these compounds exhibited potent and selective HDAC3 inhibitory patterns over pan-

HDAC inhibition. Among these compounds, compounds 4g, 3h, 4h, 3i, 4i, 4n, and 4o 

yielded more than 75% HDAC3 inhibition. Most of the other remaining compounds (4f, 

3g, 3j, 4j, 4k, 3l, 4l, 4m, 3n and 3o) showed more than 60% HDAC3 inhibition. The 

compounds with greater than 75% HDAC3 inhibition were further screened for their % 

HDAC1 and HDAC2 inhibition at 1 µM concentration to assess their selectivity among 

class I HDACs (Figure 4.4A and 4.4B, Table 4.1). It was noticed that the compounds 4h, 

4i, 4n, and 4o have exhibited less than 17% of HDAC1 and HDAC2 inhibition at 1 µM 

conc. Further, the compounds 4i, 4n, and 4o have exhibited more than 9% selectivity 

towards HDAC3 than HDAC1 and HDAC2 as per their % inhibition values. It also 

reflected the higher HDAC3 inhibitory potency of these compounds over HDAC1 and 

HDAC2. Subsequently, we have also assayed these compounds for their % inhibition 

values over HDAC4, HDAC5, HDAC6, and HDAC8 (Figure 4.4C – F). From the obtained 

% HDAC3 inhibitory activity results of the compounds, it can be inferred that compounds 

with various cap groups have exhibited better selectivity than the ones with no cap group 

attached (3f and 4f). Further, the compounds containing benzylamine (4h), p-methoxy 

benzylamine (4i), 5-indolyl (4n), and 6-quinolinoyl (4o) in the cap region with n-propyl 
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hydrazide group as ZBG exhibited better potency towards HDAC3 over HDAC1 and 

HDAC2 isoforms than the remaining compounds. 

 

Figure 4.2. The graph represents the % inhibitory activity of the novel synthesized 

compounds for their pan-HDAC inhibitory activity. All novel compounds were screened 

at 5 µM concentrations for HeLa nuclear extract enzyme. [Data represents mean ± SD 

(n=2)]. 

 

Figure 4.3. The graph represents the % inhibitory activity of the novel synthesized 

compounds for their HDAC3 inhibitory activity. All novel compounds were screened at 1 

µM concentrations for human recombinant HDAC3 enzyme. [Data represents mean ± SD 

(n=2)]. 
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Figure 4.4. Graphs represent the % inhibitory activity of 4h, 4i, 4n and 4o compounds on 

human recombinant (A) HDAC1 isozyme with 1 µM compound concentration; (B) 

HDAC2 isozyme with 1 µM compound concentration; (C) HDAC8 isozyme with 5 µM 

compound concentration; (D) HDAC6 isozyme with 10 µM compound concentration; (E) 

HDAC4 isozyme with 20 µM compound concentration; (F) HDAC5 isozyme with 20 µM 

compound concentration. The initial screening was done as per the vendor’s recommended 

concentration. [Data represents mean ± SD (n=2)]. 

Table 4.1: % inhibition values of the compounds at 5 µM (for HeLa nuclear extract) and 1 

µM (for HDAC1, HDAC2 and HDAC3) concentration of the tested compounds: 

Cpd 

No 

pan-

HDAC 

(5 µM) 

HDA

C3 (1 

µM) 

HDAC1 

(1 µM) 

HDA

C2 (1 

µM) 

 

3f 41.08 45.8 ND ND  
4f 50.44 68.08 ND ND  
3g 58.29 74.25 ND ND  
4g 62.41 82.22 ND ND  
3h 57.7 80.85 ND ND  
4h 70.18 93.4 15.25 16.65  
3i 62.73 94.96 ND ND  
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4i 67.09 99.48 16.69 9.39  
3j 54.36 64.05 ND ND  
4j 57.36 66.33 ND ND  
3k 48.59 66.6 ND ND  
4k 56.22 70.01 ND ND  
3l 54.98 62.18 ND ND  
4l 57.85 64.2 ND ND  

3m 42.65 59.61 ND ND  
4m 44.53 62.35 ND ND  
4n 39.13 75.09 8.14 11.88  
3n 47.37 70.09 ND ND  
3o 43.31 64.02 ND ND  
4o 50.58 83.36 3.52 12.31  

UF0 

10 58.06 57.39 ND ND  
     [Data represents mean ± SD (n=2)]. 

Among these compounds, the best potent HDAC3 inhibitor (4i) was further subjected to 

judge for its HDAC3 selectivity over other class I and class II HDAC isoforms. It was 

interesting to note that compound 4i exhibited maximum inhibitory potency against 

HDAC3 (IC50 = 14 nM) with a minimum of 121-fold selectivity over HDAC1 (IC50 = 1983 

nM) and HDAC2 (IC50 = 1696 nM) as well as sparing other HDACs including HDAC8 

(IC50 = 10744 nM), HDAC6 (IC50 = 25930 nM), and HDAC4 (IC50 > 20000 nM) and 

HDAC5 (IC50 > 20000 nM). It was also interesting to note that compound 4i was a better 

potent and selective HDAC3 inhibitor compared to the reference HDAC3 inhibitors namely 

UF010 (IC50 = 256.7 nM),(Pulya et al., 2022) BG-45 (IC50 = 566 nM)(Minami et al., 2014) 

and PT3 (IC50 = 245 nM).(Pulya et al., 2021) It was noteworthy that compound 4i resulted 

in a minimum of 17.5-fold better HDAC3 inhibitory potency than the reference HDAC3 

inhibitors namely UF010, BG-45 and PT3. The dose-response curves obtained from the 

analysis of IC50 values of 4i, BG-45, UF010, and PT3 have been represented in Figure 4.5 

and the values are tabulated in Table 4.2. Altogether, this series of pyrazino-hydrazide 

compounds with various cap groups attached to the amine at the para position of the 
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pyrazine moiety has demonstrated an increase in the selectivity as well as potency towards 

HDAC3 over other HDAC isoforms tested.  

 

Figure 4.5. IC50 curves of the compounds 4i, BG-45, UF010, and PT3 when assayed with 

the human recombinant HDAC isozymes of (A) HDAC3; (B) HDAC1; (C) HDAC2; (D) 

HDAC8; and (E) HDAC6. [The experiment was carried out as per the Vendor's protocol 

given in their respective recombinant HDAC assay kits. The compounds were tested at the 

varied concentration range of 0.005 µM – 125 µM in duplicate. The IC50 values were 

determined with the help of the nonlinear regression analysis method by GraphPad Prism™ 

version 8.0.1. Data represent mean±SD (n = 2)]. 
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Table 4.2. HDAC inhibitory potency of the lead compound 4i against representative human 

recombinant class I and class II HDACs along with the previously reported reference 

molecule UF010 (Pulya et al., 2022) and HDAC3 selective inhibitors, BG-45 (Minami et 

al., 2014)  and PT3. (Pulya et al., 2021) 

HDAC isoforms inhibitory potency (IC50 values in nM) 

HDAC class Class I Class IIa Class IIb 

Isoforms HDAC1 HDAC2 HDAC3 HDAC8 HDAC4 HDAC5 HDAC6 

4i 
1983 ± 

19.68 

1696 ± 

16.87 

14.00 ± 

1.68 

10744 ± 

145.3 
>20000 >20000 

25930 ± 

478.2 

UF010 b  
1420 ± 

77.9 

322 ± 

39.5 

256.7 ± 

28.6 

3970 ± 

99.7 
>20000 >20000 

18935 ± 

143 

BG-45 c  
2302 ± 

62.3 

2362 ± 

156 
566 ± 12 

28501 ± 

198 
ND ND 

34152 ± 

123 

PT3 d  
1053 ± 

98 

2083 ± 

129 
245 ± 16 

15613 ± 

165 
ND ND 

37182 ± 

268 

aIC50 values are represented as the mean of duplicate values ± standard deviation (n = 2).  

b, c and d; values previously reported from our lab. 

4.2.4. In vitro cytotoxicity profile over breast cancer cell lines and normal human cells. 

As the compounds were found to be more HDAC3 selective and potent in terms of their 

HDAC3 enzyme inhibition profile, we further performed the in vitro cytotoxicity screening 

and their selectivity towards different subtypes of breast cancer cell lines over normal 

human cell lines including normal breast cell line MCF-10A, and the results are tabulated 

in Table 4.3.  

Table 4.3. IC50 (µM) values of synthesized compounds against various breast cancer cells 

and normal HEK-293, MCF-10A and HCEC cells. 

Cpda 

 
In vitro cytotoxicity (IC50 values in µM) 

MCF-7 4T1 
MDA-

MB- 231 

MDA-

MB-453 MCF-10A HEK-293 HCEC 
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3f 2.44 ± 0.56 0.88 ± 0.06 1.17 ± 0.03 2.52 ± 0.13 103.2 ± 2.1 100.7 ±15.2 175.4 ± 24.5 

4f 1.39 ± 0.27 1.14 ± 0.08 1.07 ± 0.08 2.49 ± 0.17 116.9 ± 1.2 134.5 ± 11.3 128 ± 10.6 

3g 1.14 ± 0.12 2.17 ± 0.35 1.91 ± 0.11 5.18 ± 0.29 137.7 ± 0.9 207.4 ± 37.4 180 ± 44.6 

4g 3.28 ± 0.98 2.76 ± 0.65 1.88 ± 0.11 5.44 ± 0.25 205 ± 3.1 217.6 ± 73.2 195.8 ± 22.5 

3h 2.16 ± 0.09 1.60 ± 0.15 1.32 ± 0.09 3.33 ± 0.22 112.8 ± 1.7 133.1 ±16.5 129.2 ± 26.5 

4h 1.12 ± 0.07 1.15 ± 0.09 1.23 ± 0.07 2.76 ± 0.19 113.7 ± 0.6 110.3 ± 10.5 139.8 ± 16.9 

3i 2.59 ± 0.69 0.93 ± 0.17 0.97 ± 0.05 2.68 ± 0.22 109.4 ± 1.3 107.2 ± 9.87 137.5 ± 11.6 

4i 0.95 ± 0.08 0.55 ± 0.03 0.74 ± 0.04 1.72 ± 0.11 211.9 ± 4.5 238.7 ± 21.5 211.8 ± 15.6 

3j 4.16 ± 0.98 0.98 ± 0.07 2.02 ± 0.19 4.67 ± 0.35 113.9 ± 1.6 188.9 ± 15.9 150.7 ± 32.5 

4j 1.51 ± 0.22 0.94 ± 0.08 1.74 ± 0.11 2.89 ± 0.24 112 ± 6.1 115.9 ± 8.9 126.2 ± 5.8 

3k 1.87 ± 0.05 3.86 ± 0.57 2.93 ± 0.12 6.79 ± 0.12 104.5 ± 2.6 101.3 ± 6.98 118.9 ± 12.6 

4k 2.44 ± 0.17 0.89 ± 0.06 1.32 ± 0.11 2.87 ± 0.11 109.6 ± 1.7 117.6 ± 10.8 163.1 ± 16.2 

3l 1.81 ± 0.19 1.27 ± 0.10 1.25 ± 0.09 3.33 ± 0.16 118.2 ± 2.3 133.2 ± 11.2 215 ± 15 

4l 0.99 ± 0.05 1.08 ± 0.12 0.88 ± 0.03 2.43 ± 0.11 138.8 ± 5.8 141.4 ± 5.9 220.1 ± 5.6 

3m 1.65 ± 0.07 2.74 ± 0.16 3.05 ± 0.22 7.94 ± 0.46 105.6 ± 0.8 228.8 ± 20.9 186.7 ± 11.8 

4m 1.21 ± 0.11 0.92 ± 0.26 0.97 ± 0.07 1.93 ± 0.10 142 ± 4.2 118.5 ± 15.6 163.6 ± 40.8 

3n 2.44 ± 0.11 1.43 ± 0.16 1.69 ± 0.17 4.05 ± 0.36 105.3 ± 0.7 107.2 ± 7.3 129.5 ± 12.8 

4n 2.03 ± 0.39 0.71 ± 0.11 0.92 ± 0.02 2.19 ± 0.12 124.8 ± 3.5 137.9 ± 10.9 180.1 ± 7.6 

3o 1.36 ± 0.25 2.92 ± 0.29 2.84 ± 0.23 4.92 ± 0.31 219.9 ± 1.7 264.3 ± 16.8 234.2 ± 48.9 

4o 1.01 ± 0.12 0.59 ± 0.09 0.87 ± 0.02 1.82 ± 0.27 140.3 ± 1.9 126.1 ± 36.8 130.7 ± 40.3 

UF010 15.36 ±1.92 7.72 ± 0.58 24.74±1.01 25.34±5.12 99.3 ± 0.5 98.52 ± 11.9 95.4 ± 6.98 

aCompound number; IC50 values were determined by the MTT assay procedure and are 

calculated as the mean (from the same cultures) ± the standard deviation (n = 3). 
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Figure 4.6. Graphs (A), (B), (C), (D) represents the IC50 results of the synthesized 

compounds by MTT assay against MCF-7, 4T1, MDA-MB-231 and MDA-MB-453 cells 

respectively. Cells were treated with the compounds at concentration range of 0.048 µM to 

50 µM (n=3) for 72 h. Data represents mean ± SD.  

 

Figure 4.7. Graphs (A), (B) and (C) represents the IC50 results of all the synthesized 

compounds by MTT assay against normal human cells (HEK-293), human corneal 

epithelial cells (HCEC) and normal human breast cells (MCF-10A) respectively, and here 

cells were treated with the compounds at the concentration range from 1.95 µM to 4000 

µM (n=3) for 72 h. Data represents mean ± SD. 
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Several studies indicated the role of HDAC3 in the initiation and progression of various 

cancers and other malignancies and related disorders.(Amin et al., 2019; Hsieh et al., 2017; 

Ma et al., 2015; McLeod et al., 2018; Minami et al., 2014; Spurling et al., 2008) In 

particular, the role of HDAC3 in the case of breast cancer has been widely studied and a 

high level of HDAC3 is well correlated with various events in breast tumors.(Cui et al., 

2018; Hsieh et al., 2017; Rahbari et al., 2022; Su et al., 2021) Thus, HDAC3 inhibition 

could be considered a promising target in breast cancer therapy. HDAC3 is more 

prominently overexpressed in TNBC cells than non-TNBC cells as per the reported 

literature.(Hanigan et al., 2017; Kwak et al., 2019) Therefore, we studied the synthesized 

compounds in breast cancer cell lines of various subtypes namely MCF-7 (Luminal A cell 

line), 4T1 (murine TNBC cell line), MDA-MB-231 (human TNBC - claudin-low cell line) 

and MDA-MB-453 (HER2+ cell line). We further evaluated their selectivity towards breast 

cancer cell lines over normal human cell lines such as MCF-10A (normal human breast 

cells), HEK-293 (human embryonic kidney-293) and HCEC (human corneal epithelial 

cells). The corresponding dose-response curves are represented in Figure 4.6 and Figure 

4.7.  All these hydrazides were significantly cytotoxic (activity in lower µM) against the 

tested breast cancer cell lines and relatively less cytotoxic against normal cell lines (activity 

in higher µM). It was also observed from the IC50 values, that most of these compounds 

were more cytotoxic towards both murine and human TNBC cell lines 4T1 and MDA-MB-

231 respectively than the MCF-7 cell line. Interestingly, all these compounds (except 

compounds 3k, 3m, and 3n) exhibited a minimum of 40-fold selectivity towards breast 

cancer cell lines over normal human cell lines. All of these compounds exhibited better 

cytotoxic profile and higher selectivity towards breast cancer cell lines than the reference 

molecule UF010. It was also noticed that most of these compounds (like 3f, 4f, 3g, 3h, 4h, 
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4i, 4j, 4k, 3l, 4l, 4m, 3n, 4n, and 4o) exhibited a lower IC50 value (< 2.5 µM) against cancer 

cell lines MCF-7, 4T1, and MDA-MB-231. However, the remaining compounds (i.e., 4g, 

3i, 3j, 3m, 3o) exhibited comparatively lower cytotoxicity in the same breast cancer cell 

lines. Among these compounds, 4i, the most potent and selective HDAC3 inhibitor was 

also the most cytotoxic (IC50 value < 1 µM) and exhibited more than 286-fold selectivity 

towards cancer cell lines over normal cell lines and about 385-fold selectivity over normal 

breast cells (MCF-10A). Compound 4i exhibited the IC50 values of 950 nM, 550 nM and 

741 nM against MCF-7, 4T1 and MDA-MB-231 cell lines. Apart from that, compounds 4l, 

4m, 4n, and 4o exhibited a minimum of 60-fold selectivity towards breast cancer cell lines. 

It is interesting to note that, the most potent and selective compounds contain the propyl 

hydrazide moiety and also correlate well with their HDAC3 inhibitory activity. When 

compared with our recent report of benzoyl hydrazide HDAC3 inhibitors,(Pulya et al., 

2022) this series of compounds with pyrazino-hydrazide scaffold exhibited better 

cytotoxicity profile. This might be attributed to the linker pyrazine which is known to 

possess better cellular penetration property due to its significant molecular interactions to 

proteins.(Juhás and Zitko, 2020) Overall, these results further suggest that selective 

HDAC3 inhibition might play a major role in breast cancer therapy.   

4.2.5. Protein expression levels of various histone, apoptotic proliferative biomarkers 

by western blot analysis in vitro in 4T1 cells 

Compound 4i was found to be highly cytotoxic in vitro, particularly against 4T1 cells. We 

investigated the cellular acetylation levels of Ac-H3K9 and Ac-H4K12 induced by 4i in 

comparison to the HDACis of different chemotypes such as UF010 as a positive control, 

BG-45 for the benzamide and SAHA for the hydroxamate chemical class of HDACis in 

the 4T1 cells following the treatment with 1 μM concentration in vitro. The obtained results 

as represented in the Figure 4.8A, indicated the significant upregulation of Ac-H3K9 and 
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Ac-H4K12 by 4i was much greater than that of UF010, BG-45 and SAHA at the same dose. 

This signifies the excellent HDAC3 inhibitory potency of 4i in cells. The induction of tumor 

cell death and the antiproliferative property has been linked to the therapeutic efficacy of 

HDACis. However, several intrinsic pathways such as activation of caspase cascade and 

increased levels of cytochrome c in the tumor cells are known to have a key role in 

regulating the antitumor effects of HDACis.85 Therefore, we studied the protein expression 

levels of caspase-3, caspase-7, cleaved caspase-3 and cytochrome c in in vitro with 4i and 

UF010 (results represented in the Figures 4.8B and 4.9)  upon treatment of 4T1 cells in a 

dose-dependent manner at 500 nM and 2 μM concentrations as per the protocol described 

in the experimental section. The results depicted in the Figure 4.8B for 4i has clearly 

evidenced the elevated levels of cleaved caspase-3 and the released cytochrome c in a dose 

dependent manner in the cell lysate of 4i treated 4T1 cells thus indicating apoptosis 

mediated cell death in vitro. Further, in order to assess the apoptosis activity in vitro, the 

quantitative analysis of caspases activity was performed using Apo-ONE® Homogeneous 

Caspase-3/7 Assay kit (Promega, USA) as per the protocol described in the experimental 

section. The compound 4i and UF010 were tested for their caspase3/7 activity in the 4T1 

cells following the induction of apoptosis. Results are displayed in Figure 4.10. The 

obtained results demonstrated the significant increase in the caspase 3/7 activity in 4i 

treated cells than UF010 treated cells and control cells, which indicated the significant 

apoptosis induction in the cancer cells. Altogether, these results prove the in vitro 

anticancer potential of 4i. 
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Figure 4.8. Western blot analysis of various histone biomarkers in the protein samples 

extracted from the cell lysates that is obtained from the 4T1 cells treated with control, 4i (1 

μM), UF010 (1 μM), BG-45 (1 μM) and SAHA (1 μM) for 72 h. The blots and the 

corresponding quantification of the blots were plotted as the graphs represented above. (A) 

Image representing the blots of Ac-H3K9, Ac-H4K12 levels in the treated 4T1 cell lysate 

samples and the corresponding quantification plotted as a graph below; (B) Western blot 

analysis of various apoptotic biomarkers in the protein samples extracted from the cell 

lysates that is obtained from the 4T1 cells treated with control, 4i (500 nM, 2 μM); Image 

representing the blots of caspase-7, caspase-3, cleaved caspase-3 and cytochrome c levels 

in the treated 4T1 cell lysate samples and the corresponding quantification plotted as a 

graph below. β-actin was used as an internal control and the graphs were plotted by 

normalizing the protein expression levels compared to the control group values analyzed 

in Image J software. Significance was analyzed using one-way ANOVA analysis and the 

graphs were plotted in GraphPad Prism™ version 8.0.1. Data represents the values of mean 

± the standard error of the mean (SEM, n=2); *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001, significantly different from the control group. 
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Figure 4.9. Image representing the blots of caspase-7, caspase-3, cleaved caspase-3 and 

cytochrome c levels in the UF010 treated 4T1 cell lysate samples and the corresponding 

quantification plotted as a graph below. β-actin was used as an internal control and the 

graphs were plotted by normalizing the protein expression levels compared to the control 

group values analyzed in Image J software. Significance was analyzed using one-way 

ANOVA analysis and the graphs were plotted in GraphPad Prism™ version 8.0.1. Data 

represents the values of mean ± the standard error of the mean (SEM);***p < 0.001  

significantly different from the control group. 

 

Figure 4.10. Caspase3/7 activation levels of 4i and UF010 in 4T1 cells compared to 

control. Compound treatment shows significant difference from control indicates increased 

apoptosis in cells. Significance was analyzed using one-way ANOVA analysis and the 
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graphs were plotted in GraphPad Prism™ version 8.0.1. Data represents mean ± SD (n=2); 

***p < 0.001, significantly different from the control group. 

4.2.6. 4i induced apoptosis and caused G2/M cell cycle arrest in TNBC cells. 

The in vitro cytotoxicity results against different subtypes of breast cancer cell lines 

suggested that the pyrazino-hydrazide series of compounds exhibited higher potency in the 

TNBC cell lines, 4T1 and MDA-MB-231. Overexpression of HDAC3 is known to be 

directly correlated with various events such as apoptotic cell death, cell cycle regulation, 

and metastasis that finally resulted in significant antiproliferative activity in breast cancer 

tumors.(Cui et al., 2018; Park et al., 2020; Rahbari et al., 2022; Singh et al., 2005) Hence, 

we performed apoptosis, cell cycle analysis, and nuclear staining assay of the lead 

compound 4i and UF010 (reference) in both 4T1 and MDA-MB-231 cells at their 

respective in vitro IC50 values and the samples were processed as per the described 

experimental protocol.(Pulya et al., 2022) The results obtained as displayed in Figure 4.11 

and 4.12). Further, to assess the apoptotic percentage and cell cycle arrest at different 

concentrations, we treated the 4T1 cells at three different concentrations of 4i (C1: 110 nM, 

C2: 550 nM, C3: 2.75 μM) and UF010 (C1: 1.54 μM, C2: 7.72 μM, C3: 38.6 μM) for 72 

h. The results obtained as displayed in Figure 4.13A and 4.13B, showed significant 

apoptosis of 36.8%, 63.4% and 94.6% in 4i treated samples and 30.4%, 46.9% and 82.7% 

in UF010 treated samples at their respective three concentrations of C1, C2 and C3. Cell 

cycle analysis results as displayed in Figure 4.13C and 4.13D, Tables 4.4 and 4.5, 

indicated the G2/M phase cell cycle arrest with increased cell population in the G2/M phase 

for 4i (38.8%, 52.6% and 63.4%). Whereas in case of UF010, at the lower concentration of 

C1, G1 phase cell cycle arrest was observed with increased cell population (50.4% of G1) 

and at higher concentrations, G2/M phase arrest was seen (41.4% and 52.3%).  
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Figure 4.11. Different cultures of MDA-MB-231 and 4T1 cells were treated with the in 

vitro IC50 concentrations of UF010 and 4i in the respective cell lines along with control 

for 72 h. (A) Annexin V/PI apoptosis assay by flow cytometer (BD Aria III) ® (where X 

and Y-axis represent the intensities of annexin V and propidium iodide respectively); (B) 

Graph representing the percentage of the total apoptotic population in MDA-MB-231 and 

4T1 cells; (C) Cell cycle analysis by Flow cytometer (BD Aria III) ®; (D) Graph 

representing the percentage of cell population at different phases of the cell cycle in MDA-

MB-231 and 4T1 cells. The data was analysed using Flow Jo software and the graphs were 

plotted using GraphPad Prism™ version 8.0.1. Data represents, mean±SD (n=3).  

Table 4.4. Table indicates the % cell population in different phases of cell cycle in MDA-
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MB-231 and 4T1 cells respectivelya. 

    aData represents n = 3 experiments. 

 

Figure 4.12. Different cultures of MDA-MB-231 and 4T1 cells were treated with the in 

vitro IC50 concentrations of UF010 and 4i in the respective cell lines along with control 

for 72 h. Analysis of nuclear morphology by nuclear staining experiment in (A) MDA-MB-

Cycle 

phase 

% Cell population 

MDA-MB-231 cells 4T1 cells 

Control UF010 4i Control UF010 4i 

G1 48.7 36.7 27.3 50.6 38.7 25.3 

S 28.1 14.8 15.1 27.8 16.6 19 

G2/M 19.5 44.7 55 17.6 42 50.4 
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231 and (B) 4T1 cells using the staining solutions of DAPI and Acridine Orange after the 

treatment period. NF represents nuclear fragmentation and CS represents cell shrinkage. A 

fluorescence microscope (Leica microsystems, Germany) on 20x Magnification was used 

for the visualization of the stained nuclei. Data represents, mean±SD (n=3).  

 

Figure 4.13. Different cultures of 4T1 cells were treated with three different concentrations 

including the IC50 concentration of UF010 and 4i along with control (no treatment) for 72 h. (A) 

Annexin V/PI apoptosis assay by flow cytometer (BD Aria III) ® (where X and Y-axis represent 

the intensities of annexin V and propidium iodide respectively); (B) Graph representing the 

percentage of the total apoptotic population in 4T1 cells; (C) Cell cycle analysis by Flow 

cytometer (BD Aria III) ®; (D) Graph representing the percentage of cell population at different 

phases of the cell cycle in 4T1 cells. The data was analyzed using FlowJo software and the graphs 

were plotted using GraphPad Prism™ version 8.0.1. Data represents, mean±SD (n=3).  
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Figure 4.14. Different cultures of 4T1 cells were treated with the in vitro IC50 concentrations of 

UF010 and 4i along with control for 72 h. Analysis of nuclear morphology by nuclear staining 

experiment in (A) 4T1 cells using the staining solutions of DAPI and Acridine Orange after the 

treatment period and (B) Graph representing the % apoptosis data quantified by Image J 

software. NF represents nuclear fragmentation and CS represents cell shrinkage. A Laser 

Scanning Confocal Microscope (LSCM) DMI8 (Leica microsystems, Germany) on 63X 

Magnification was used for the visualization of the stained nuclei. The obtained values represent 

the mean±SD (n=3); ***p < 0.001. The quantification of the % apoptosis was done using ImageJ 

software. Significance was analyzed using one-way ANOVA analysis and the graph was plotted 

in GraphPad Prism™ version 8.0.1. 

Table 4.5. Table indicates the % cell population in different phases of cell cycle at different 

concentrations C1, C2 and C3 of 4i and UF010 in 4T1 cells respectively.a 
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aData represents n = 3 experiments. 

These results suggest that the selective HDAC3 inhibitory activity of 4i might have played 

a role in inducing the in vitro cytotoxicity in the TNBC cell lines, 4T1 and MDA-MB-231 

with significant apoptosis activity and cell cycle arrest at G2/M phase. We then performed 

nuclear staining assay for 4i and UF010 along with the control group to visualise the 

cytotoxicity and the extent of apoptosis caused by their treatment. From the fluorescence 

images indicated in (Figure 4.14A), it can be seen that the cells treated with 4i 

demonstrated increased fluorescence upon acridine orange (AO) staining indicating greater 

extent of nuclear fragmentation and cell shrinkage due to apoptosis when compared to 

UF010 and the control group in the 4T1 cells. The % apoptosis was found to be more in 

case of 4i treated cells upon quantification and the results are depicted in the form of graph 

in the Figure 4.14B. 

 

4.2.7. 4i has exhibited chemosensitizing properties in oxaliplatin resistant MDA-MB-

231 cells. 

Considering the potent cytotoxicity of 4i towards TNBC cell lines, initially we performed 

the in vitro cytotoxicity study in oxaliplatin (OXPt) resistant MDA-MB-231 vs wild type 

Cycle 

phase 

% Cell population 

UF010 4i 

Control 

C1 

 (1.54 

μM) 

C2 

(7.76 

μM) 

C3  

(38.4 

μM) 

C1  

(110 

nM) 

C2  

(550 

nM) 

C3  

(2.75 

μM) 

G1 47.2 50.4 35.4 29.4 39.3 26.4 16.5 

S 24.5 15.5 16.2 18.2 13.5 18.5 19.8 

G2/M 18.3 20.1 41.4 52.3 38.8 52.6 63.4 
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(WT) MDA-MB-231 cells to examine if the lead compound 4i has retained its cytotoxicity 

in OXPt resistant MDA-MB-231 cells.  It is well known that chemoresistance is one of the 

major causes of treatment failure in breast cancer patients.(Cao et al., 2021) Due to the 

absence of ER/PR/HER–2 receptors in TNBC cells, chemotherapy, and radiotherapy are 

the only effective treatments to date and this would eventually lead to chemoresistance in 

the patients thus causing poor prognosis and also a potential risk of relapse.(Cao et al., 

2021; Han et al., 2019; Hsieh et al., 2017; Maccallini et al., 2022) Literature reports have 

indicated that HDACis such as SAHA, TSA, entinostat, and several other HDACis with 

different ZBGs have overcome chemoresistance in different cancer cell lines including 

TNBC cell line, MDA-MB-231.(Asfaha et al., 2020; Han et al., 2019; Jin et al., 2017; 

Marek et al., 2013; RHODES et al., 2012; Stenzel et al., 2017; Sun et al., 2019; Wawruszak 

et al., 2019; Zhou et al., 2021) In this direction, we have now performed the in vitro 

cytotoxicity study in OXPt resistant and WT MDA-MB-231 cells. The oxaliplatin-resistant 

MDA-MB-231 cell line was developed as per the protocol described previously.(Itoo et al., 

2022) MTT assay was performed on both the cell lines with 4i, UF010, oxaliplatin and a 

combination of 4i and oxaliplatin in the equimolar ratio. The results obtained are depicted 

in Figure 4.15A and 4.15B. It can be seen that both 4i and UF010 have retained their 

cytotoxicity in the MDA-MB-231OXPtR cells as against the WT MDA-MB-231 cells 

when treated for 72 h. Further, the combination of 4i and oxaliplatin in equimolar ratio has 

also exhibited much lower IC50 of 403 nM and 447 nM in WT and OXPtR MDA-MB-231 

cells, than their respective individual IC50 values. The significantly less IC50 values of the 

combination (4i+oxaliplatin) than that of their individual potency indicated the synergistic 

interaction of these two compounds when used in combination in both wildtype and 

oxaliplatin resistant cells. Altogether, the increased and the retained potency in case of the 

combination of 4i and oxaliplatin in both WT and OXPtR MDA-MB-231 cells might also 
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be attributed to the chemosensitizing properties of 4i in overcoming the oxaliplatin 

resistance in TNBC cell line, MDA-MB-231.  

 

Figure 4.15. Graphs (A) and (B) represents the dose-response curves obtained by the MTT 

assay with the compounds oxaliplatin, UF010, 4i and the combination of 4i and 

oxaliplatin (equimolar concentration) for 72 h in MDA-MB-231 wild type and MDA-MB-

231 oxaliplatin resistant cell lines respectively. Here, the cultured cells were treated with 

the compounds at the concentration range from 0.048 µM to 400 µM (n = 3) for 72 h. The 

graphs were plotted using GraphPad Prism™ version 8.0.1. Data represents, mean±SD 

(n=3). 

4.2.8. In vitro metabolic stability study of 4i in rat liver microsomes. 

We further investigated the in vitro metabolic stability of the most potent and HDAC3 

selective inhibitor 4i in rat liver microsomes as per the protocol described in the 

experimental section. One of the major limitations of HDACis containing hydroxamates 

and benzamides as the ZBG is their poor metabolic stability due to their ability to be 

sulphated or glucuronidated by UDP glucuronosyltransferase.(Kang et al., 2010; Mulder 

and Meerman, 1983) This process of glucuronidation lead to the inactivation of these 

compounds due to the loss of their HDAC inhibitory activity.(McClure et al., 2016) Recent 

reports have shown that HDACis having hydrazides as ZBG are impervious to 

glucuronidation, hence were found to be metabolically more stable.(Li et al., 2018; 
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McClure et al., 2016) In this report, a preliminary investigation was carried out to determine 

the in vitro half-life and intrinsic clearance in the rat liver microsomes. The obtained results 

are depicted in Figure 4.16 and Table 4.6. The t1/2 value of 4i was 38.33 min and the 

intrinsic clearance was obtained as 36.18 μL/min/mg. The obtained results suggest optimal 

half-life and intrinsic clearance suggesting good metabolic stability of the lead compound 

4i. These results indicate better metabolic stability of hydrazides as ZBG than that of other 

hydroxamate and benzamide ZBG-containing HDAC inhibitors at the same dose as 

compared to the literature reference in rat liver microsomes.(Chen et al., 2019; Cho et al., 

2013; Lehrmann et al., 2002; Liu et al., 2017; Mai et al., 2005; Shultz et al., 2011; Wang et 

al., 2021) The better and optimal metabolic stability of the pyrazino-hydrazide-containing 

compound 4i has further inspired us to conduct pharmacokinetic profiling of 4i. 

 

Figure 4.16. Time course of 4i and propranolol depletion in rat liver microsomes. 4i and 

propranolol (100 µM) were incubated with 0.5 mg/mL of pooled rat liver microsomes in 

the presence of NADPH. Each data point represents the mean±SD (n=3). The degradation 

half-life (t1/2) was calculated using the equation: t1/2=0.693/k, where k is the first-order 

elimination rate constant that was estimated by one-phase exponential decay using 

nonlinear regression analysis of the degradation time course data in GraphPad Prism™ 

version 8.0.1. Intrinsic clearance (Clint, μL/min/mg) was calculated using the equation: Clint 

= V*0.693/t1/2. [where V = volume of incubation (μL)/ microsomal mass (mg)].  

Table 4.6. In vitro microsomal stability profile of compound 4i and propranolol (internal 
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standard). 

Compound 

Intrinsic Clearance (CLint) 

(μL/min/mg) 

Elimination constant 

(k) 

t1/2 

(min) 

4i 36.18 0.01808 38.33 

Belinostat  - - 18 

Mocetinostat  - - 31.3 

Propranolol 92.77 0.04639 14.94 

 

4.2.9. In vivo pharmacokinetic properties of 4i. 

Poor pharmacokinetic profiles with lower bioavailability and dose-limiting toxicities have 

always been the major limitations for the majority of the existing HDACis in the clinic to 

date.(Pulya et al., 2022) In our recent report the lead compound 4e displayed better 

pharmacokinetic profile at comparatively lower doses of 15 mg/kg and 25 mg/kg as against 

the other reports of hydroxamates and benzamides at comparatively higher doses of 50 

mg/kg and 100 mg/kg.(Pulya et al., 2022) In this report, we evaluated the detailed 

pharmacokinetic analysis of our lead compound 4i via the intraperitoneal route of 

administration at lesser doses of 5 mg/kg and 15 mg/kg body weight (n=3) in male Wistar 

rats (Figure 4.17, Tables 4.7 – 4.9). The reference compound UF010 was also tested at 15 

mg/kg intraperitoneally along with 4i following the experimental protocol described 

previously.(Pulya et al., 2022) The obtained results and the PK parameters are displayed in 

Figure 4.18 and the values are tabulated in Table 4.10.  

Table 4.7. Plasma concentration (µg/ml)-time data of 4i (Dose: 5 mg/kg and 15 mg/kg) 

and UF010 (Dose: 25 mg/kg) following an intraperitoneal administration to male wistar 

rats. 

Ti 4i UF010 
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me 

Poi

nt 

(h) 

5 mg/kg 15 mg/kg 15 mg/kg 

Conc. 

(µg/ml) 

Avera

ge 

STDev 

Conc. 

(µg/ml) 

Averag

e 

STD

ev 

Conc. 

(µg/ml

) 

Averag

e 

STDe

v 

0.25 

0.106 

0.107 0.002 

0.150 

0.138 0.012 

0.170 

0.170 0.001 0.109 0.138 0.168 

0.105 0.125 0.171 

0.5 

0.170 

0.171 0.007 

0.502 

0.416 0.085 

0.304 

0.347 0.043 0.178 0.332 0.389 

0.165 0.415 0.348 

1 

0.912 

0.860 0.111 

4.137 

4.775 1.227 

4.137 

3.559 0.506 0.732 3.998 3.348 

0.936 6.189 3.192 

2 

0.982 

1.109 0.183 

8.322 

7.178 1.079 

4.122 

4.734 0.547 1.319 6.177 4.902 

1.028 7.036 5.177 

4 

0.173 

0.181 0.009 

0.912 

0.822 0.182 

0.997 

1.218 0.280 0.190 0.612 1.533 

0.180 0.942 1.123 

6 

0.160 

0.148 0.011 

0.628 

0.628 0.111 

0.234 

0.266 0.028 0.138 0.739 0.279 

0.145 0.517 0.284 

8 

0.102 

0.111 0.009 

0.501 

0.413 0.090 

0.228 

0.215 0.014 0.119 0.322 0.199 

0.112 0.415 0.217 

12 

0.051 

0.063 0.029 

 

0.224 

0.263 0.034 

0.113 

0.098 0.013 0.095 0.279 0.094 

0.041 0.286 0.087 

24 0.012 0.028 0.027 0.113 0.087 0.032 0.012 0.025 0.023 
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0.059 0.095 0.051 

0.011 0.051 0.011 

 

Bioanalytical Summary 

Table 4.8. Optimized chromatographic conditions in HPLC. 

HPLC: Optimized chromatographic conditions 

Compounds 4i UF010 

Column 

phenomenex C18  

(150 nm X 4.4 nm, 5 µ) 

phenomenex C18  

(150 nm X 4.4 nm, 5 µ) 

Mobile phase Water: Methanol (40:60) Water: Methanol (30:70) 

Injection volume 10 µL 10 µL 

Run time 10 min 10 min 

Flow rate 0.9 mL/min 1 mL/min 

Column temp 25 °C 25 °C 

Retention time 6.96 min 7.3 min 

  

Table 4.9. Calibration curve data of 4i and UF010 in rat plasma. 

4i UF010 

Nominal  

Conc. 

(µg/ml) 

Calculated  

Conc.(µg/ml

) 

% 

Accuracy  

Nominal  

Conc. 

(µg/ml) 

Calculated  

Conc.(µg/ml

) 

% 

Accurac

y  

50 50.108 100.216 50 49.63 99.25 

25 24.711 98.844 25 25.17 100.68 

12.5 12.58 100.641 12.5 13.20 105.63 

6.25 6.389 102.238 6.25 6.47 103.48 
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3.125 3.169 101.408 3.125 2.99 95.75 

1.5625 1.483 94.938 1.5625 1.41 90.07 

0.78125 0.781 100.03 0.78125 0.77 98.44 

0.390625 0.394 100.981 0.390625 0.38 96.89 

0.1953125 0.182 93.687 0.1953125 0.19 100.35 

0.09765625 0.099 102.299 0.09765625 0.09 95.39 

0.04882812

5 

0.05 102.646 

0.04882812

5 

49.63 99.26 

0.02441406

3 

0.027 111.234 

0.02441406

3 

25.17 100.68 

Regression 

equation 

y = 17898x - 68.052 

Regression 

equation 

y = 8465.9x + 2648.6 

Slope 17898 Slope 8465.9 

Intercept 68.052 Intercept 2648 

R2 0.999 R2 0.999 
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Figure 4.17. (A) Calibration curve of 4i in rat plasma; (B) Calibration curve of UF010 in 

rat plasma; (C) Representative chromatogram of blank in rat plasma (blank sample); (D) 

Representative chromatogram of 4i in rat plasma (standard); (E) Representative 

chromatogram of UF010 in rat plasma (standard); (F) Representative chromatogram of 4i 

in rat plasma (intraperitoneal sample); (G) Representative chromatogram of UF010 in rat 

plasma (intraperitoneal sample).  

 

Figure 4.18. Graph representing mean plasma concentration vs time parameters of the 
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compound 4i and UF010. 4 groups of Male Wistar rats (n = 3 mice per group) were 

intraperitoneally administered a single dose of 4i: 5 mg/kg, 15 mg/kg, and UF010: 15 

mg/kg of 20 mg/mL concentration of compounds using 5% DMSO in saline as the vehicle. 

The graph was plotted using GraphPad Prism™ version 8.0.1. Data represents, mean±SD 

(n=3). 

Table 4.10. The results obtained from the plasma pharmacokinetic analysis of the 

compound 4i (5 mg/kg and 15 mg/kg) and UF010 (15 mg/kg) following an intraperitoneal 

administration in male Wistar rats.a 

Parameters Data obtained 

Dose (mg/kg) 

4i UF010 

5 15 15 

t1/2 (h) 7.19 ± 0.67 7.20 ± 0.84 5.18 ± 0.17 

Tmax (h) 2 2 2 

Cmax (μg/mL) 1.11 ± 0.13 9.58 ± 0.04 5.24 ± 0.42 

AUC 0-t [(μg/mL).h] 4.05 ± 0.12 19.65 ± 0.27 14.48 ± 0.18 

AUC 0-inf [(μg/mL).h] 

 

4.32 ± 0.19 20.55 ± 0.54 14.66 ± 0.27 

AUMC 0-inf [(μg/mL).h2] 

 

29.08 ± 4.09 114.50 ± 19.40 53.64 ± 4.72 

MRT 0-inf (h) 5.73 ± 0.72 6.57 ± 2.62 3.66 ± 0.37 

Vz/F [(mg/kg)/(μg/mL)] 7.01 ± 0.54 12.57 ± 0.18 7.65 ± 0.46 

Cl/F [[(mg/kg)/(μg/mL)].h] 1.15 ± 0.09 1.30 ± 0.33 1.03 ± 0.11 

a4i and UF010 were injected intraperitoneally into male Wistar rats (n = 3) and the blood 

sample was collected for a period of 24 h at a predetermined time points. The plasma 

concentrations of 4i and UF010 were determined via the HPLC method.  The linear 

trapezoidal rule was used for the calculation of the area under the concentration and time 

curve (AUC values). Non-compartmental analysis was used to obtain the pk parameters. 
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The clearance was estimated as CL=Dose/AUCinf; MRT=AUMCinf/AUCinf. Data obtained 

represents mean±standard deviation of the mean for n = 3. 

Interestingly, our lead compound 4i displayed an improved pharmacokinetic profile than 

our previously reported hydrazide 4e (Pulya et al., 2022) at comparatively lower doses as 

well as the reference compound UF010. The half-life (t1/2) of 4i was found to be 7.19 h and 

7.20 h at 5 mg/kg and 15 mg/kg doses respectively and 5.18 h for UF010 at 15 mg/kg dose. 

The Cmax values were 1.11 μg/mL, 9.58 μg/mL at 5 mg/kg and 15 mg/kg dose of 4i, and 

5.24 μg/mL for UF010 at 15 mg/kg dose after 2 h (Tmax) of the dose given. The obtained 

results have displayed sufficient mean residence time of the compound in the plasma and 

better volume of distribution thus indicating the good bioavailability of the lead compound 

4i at much lower doses 5 mg/kg and 15 mg/kg.  

4.2.10. 4i inhibits 4T1 cell proliferation and tumor growth in the 4T1-Luc tumor 

xenograft model. 

 

Figure 4.19. Schematic representation of the experimental protocol followed for the in vivo 

antitumor therapeutic efficacy of 4i in the 4T1-Luc tumor xenograft mouse model. 

 

With the encouraging pharmacokinetic results of 4i at the doses of 5 mg/kg and 15 mg/kg, 
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we further accessed the antitumor efficacy of 4i in vivo. For this study, we have implanted 

4T1-Luc tumors in female Balb/c mice of about 6 weeks old following the protocol 

represented schematically in Figure 4.19.(Pulya et al., 2022)  

 

As we found the suitable dosage for 4i and UF010, from our pharmacokinetic study, we 

took 5 mg/kg and 15 mg/kg for 4i and 15 mg/kg for UF010 as the dosage regimen following 

the intraperitoneal route of administration once in every 3 days for 7 administrations for a 

total treatment period of 21 days. The formulations were prepared using 5% DMSO, 20% 

PEG and 75% saline as the vehicle. To the best of our knowledge, this is the first report 

with a dosage regimen of only 7 doses in total for 21 days at a lower dose of 5 mg/kg and 

15 mg/kg in a 4T1-Luc tumor bearing mouse model used for the therapeutic evaluation of 

HDACis. The literature reports so far indicated the treatment period as 5 days per week for 

21 days or more while administrating benzamides or hydroxamate-based HDACis at 

comparatively higher doses of 50 mg/kg or 100 mg/kg intraperitoneally.(Buckley et al., 

2007; Hubeek et al., 2008; Leoni et al., 2002; Saito et al., 1999; Spiller et al., 2006) In this 

study, 4i could potentially reduce the tumor volume and tumor weight of the 4T1-Luc 

tumors in the xenograft mice model. Four mice from each group were also subjected to 

luciferin–mediated bioluminescence imaging analysis for evaluating the tumor growth 

post-treatment on days 0, 5, 10, 15, and 21. The obtained NIRF images were depicted in 

Figure 4.20A.  
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Figure 4.20. In vivo antitumor therapeutic efficacy studies in a 4T1-Luc tumor bearing 

mouse model in female Balb/c mice treated intraperitoneally with control, UF010 (15 

mg/kg) and 4i, 5 mg/kg, and 15 mg/kg (n=12) on every 3rd day for 21 days total period. (A) 

Representative whole animal bioluminescence imaging of luciferin induced (i.p 

administration of luciferin–D, 100 µL, 100 mg/kg) 4T1-Luc tumor-bearing mice on days 

0, 5, 10, 15, and 21 by IVIS® Lumina III, PerkinElmer, USA; (B) Quantification of 

bioluminescence of the tumors; (C) Tumor volume growth over the treatment period; (D) 

Body weight changes in mice during the treatment period; (E) Representative images of 

4T1-Luc tumors dissected from the mice after 21 days of treatment (n=4); (F) Average 

weight of the isolated tumors from each group ( n= 3); (G) Tumor growth inhibition rate 

percentage (TGI rate %) calculated from the dissected tumor tissue weight collected from 
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3 mice of each treatment group (total n = 12), at 0th, 7th, 14th, and 21st day of the treatment 

period. The TGI rate percentage was calculated with the formula = 1 – ( 
WT,t – WT,0

WC,t – WC,0

 )* 100, 

where WT,t and WT,0 represent the mean tumor weight of the treatment group at the time t 

and time 0 respectively, WC,t and WC,0 represent the mean tumor weight of the control group 

at the time t and time 0 respectively. The obtained values represent the mean±the standard 

error of the mean (SEM); ***p < 0.001. Significance was analyzed using one-way ANOVA 

analysis and all the graphs were plotted in GraphPad Prism™ version 8.0.1. 

The tumor growth was quantified and the obtained luminescence intensities around the 

region of interest of tumors were plotted as a graph as shown in Figure 4.20B. It can be 

observed that a constant and substantial increase in the luminescence signal was observed 

in the untreated control group indicating the high tumor growth and the significantly lower 

luminescence signals were observed in 4i treated groups even in comparison with the 

reference compound UF010 treated group.  From the results depicted in Figure 4.20C, it 

was found that the tumor growth volume of the mice treated with 4i at 5 mg/kg exhibited 

the growth from 52.05 ± 13.23 to 185.23 ± 24.14 mm3 and those treated with 15 mg/kg has 

shown the lowest increase in the tumor growth volume from 50.25 ± 12.35 to 101.23 ± 

26.56 mm3 when compared to that of the UF010 at 15 mg/kg with a tumor volume growth 

of 52.25 ± 13.24 to 520.32 ± 40.25 mm3 and also the huge increase in the tumor volume 

was seen in the control group mice from 51.91 ± 7.45 to 1005.32 ± 28.32 mm3 by the end 

of the treatment period. Notably, no significant body weight loss/gain was observed for the 

treatment groups mice throughout the experiment suggesting good general biosafety of 4i 

(Figure 4.20D). The final tumor images at the end of the treatment period were represented 

in Figure 4.20E and the corresponding average tumor weights as 3.23 g, 1.78 g, 0.65 g, 

and 0.29 g for the control, UF010, 4i (5 mg/kg), and 4i (15 mg/kg) respectively were plotted 

as a graph in the Figure 4.20F. Simultaneously, the tumor growth inhibition rate percentage 
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(TGI% rate) was assessed following the dissection of tumors from 3 mice of each group on 

the 0th, 7th, 14th
, and 21st day of the treatment. The TGI% rate was found to be 76.24%, 

91.23%, 92.87%, and 84.94%, 97.32%, 97.92% for compound 4i at 5 mg/kg and 15 mg/kg 

respectively when compared to 55.56%, 38.36%, 39.52% for UF010 at day 7, 14 and 21 

respectively (Figure 4.20G). Both the results obtained from the tumor volume reduction 

and TGI% rate demonstrated excellent in vivo antitumor efficacy of the lead compound 4i 

in the 4T1-Luc murine triple-negative breast cancer animal model.  

4.2.11. 4i induced ROS generation causing apoptosis-mediated tumor cell death. 

The induction of tumor cell death by activating tumor suppressive mechanisms involving 

ROS (reactive oxygen species) generation is a well-known fact in the case of HDAC 

inhibitor-mediated cell death mechanisms.(Rosato and Grant, 2005) One of the first studies 

using the pan-HDACi, SAHA has identified that the induction of ROS generation led to 

apoptotic cell death.(Ruefli et al., 2001) In brief, the mechanism involved the mitochondrial 

damage subsequently releasing cytochrome c, also activating caspase cascade along with 

the degradation of various apoptotic proteins such as Bcl-2.(Newbold et al., 2016) Hence, 

we quantified the ROS generation in mice on day 21 (n = 4) by measuring the DCFH-DA 

fluorescence. DCFH-DA was injected intratumorally and after 10 min, the fluorescence 

intensity was detected using IVIS® Lumina III, PerkinElmer, USA. The images obtained 

were depicted in Figure 4.21A.  From the obtained results it can be seen that high levels of 

ROS generation were detected in the 15 mg/kg dose of 4i treated group of animals followed 

by 5 mg/kg of 4i and 15 mg/kg of UF010 treated group of mice. Post-treatment period, the 

tumors were surgically isolated, sectioned into slices, and analyzed microscopically within 

1 h of the treatment with DCFH-DA. Similar levels of ROS generation were observed in 

all the isolated tumor sections from different groups respectively as shown in Figure 4.21B 

and the quantified fluorescence intensities were graphically represented in Figure 4.21C. 
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The highest level of intensities was seen in 15 mg/kg and 5 mg/kg of 4i followed by UF010 

and control group tumors.  

 

Figure 4.21. (A) Bioluminescence images representing the reactive oxygen species (ROS) 

generation on day 21 after injecting DCFH-DA intratumorally (100 μL, 25 μM) in 4 mice 

from all the treated groups including control group in 4T1-Luc tumor xenograft mouse 

model, the images were recorded for their fluorescence intensity by IVIS® Lumina III, 

PerkinElmer, USA; (B) Images of tumor sections recorded after the surgical isolation of 
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tumors, 10 min post-treatment with DCFH-DA; (C) Graph representing the fluorescence 

intensities recorded corresponding to the ROS levels; (D) Representative images of 

TUNEL assay in the sections of isolated tumors; and (E) Corresponding graph denoting the 

percentage of TUNEL positive cells; (F) Images representing the Ki-67 stained tumor 

sections; and (G) corresponding graph representing the percentage of Ki-67 positive cells 

in different groups of mice; Fluorescence microscope from Leica microsystems, Germany 

was used to obtain the images and the quantification was carried out using Image J software 

and the graphs were plotted in GraphPad Prism™ version 8.0.1. Data represents the values 

of mean ± the standard error of the mean (SEM); *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001, significantly different from the control group.  

4.2.12. Effect of 4i on apoptosis and tumor cell proliferation by TUNEL assay 

and Ki-67 staining. 

 
TUNEL assay was then performed to confirm the role of ROS in the induction of apoptosis. The 

obtained microscopic images and the percentage of TUNEL-positive cells were represented in 

Figures 4.21D and 4.21E. It is visible clearly from the microscopic images of the sectioned tumors 

of different treated groups that the percentage of TUNEL-positive cells was found to be the highest 

in the case of 4i (15 mg/kg) tumors followed by 4i (5 mg/kg) and UF010 (15 mg/kg). We have also 

examined the extent of cell proliferation by quantifying the percentage of Ki-67-positive cells in the 

tumor sections from the treatment groups. Cancers are well characterized by uncontrolled 

proliferation and Ki-67 is one of the most widely used proliferation markers in routine pathological 

investigations of various cancers.(Inwald et al., 2013) Moreover, Ki-67 is also an important 

prognostic factor for breast cancer detection.(Soliman and Yussif, 2016) Particularly in TNBC 

patients, a higher incidence of Ki-67 (>15%) was detected which clinically correlated with the 

metastasis and clinical stage of cancer detection.(Soliman and Yussif, 2016) Therefore, we have 

analyzed the expression of Ki-67 in the tumor sections of the tumors isolated after 21 days of 

treatment using immuno-histofluoresence analysis. 
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Figure 4.22. Images depicting the H&E staining of tissue sections of various major organs 

of mice from all the groups isolated after the treatment period. A fluorescence microscope 

from Leica microsystems, Germany was used to obtain the images. 

. The images of the tumor sections were depicted in Figure 4.21F and the percentage 

of Ki-67 positive cells was graphically plotted in Figure 4.21G. It can be seen that Ki-67 

expression in both 4i (15 mg/kg) and 4i (5 mg/kg) treated animals was very low compared 

to UF010 (15 mg/kg). The histological analysis by H&E staining of the tissue sections of 

various major organs including tumors isolated from the mice after their sacrifice was 

performed to find out the extent of tissue damage in the respective organs. From the 

fluorescence images represented in Figure 4.22, no tissue damage or toxicity was observed 

in any of the major organs. Further, it was clear that the cell shape and size were not 
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disturbed by the 4i treatment. There was no evidence of myocardial hypertrophy in the heart 

tissues of the control and the 4i treated groups. The liver, kidney, and spleen images in 

control and 4i treatment indicates no tissue fibrosis. The neutrophile infiltration was also 

not observed. These observations indicate the good biosafety of 4i. Altogether, these results 

indicate that the treatment with 4i has caused significant apoptosis in tumors possibly due 

to ROS generation, and also significantly reduced tumor cell proliferation in vivo. 

4.2.13. 4i treatment significantly reduced the metastatic potential of 4T1-Luc 

tumors. 

One of the leading causes of breast cancer-related deaths is metastasis.(Park et al., 2022)  

Particularly, TNBC accounts for most breast cancer deaths at the advanced stage due to 

metastasis to various parts of the body.(Jin and Mu, 2015) Breast cancer most commonly 

metastasizes to major organs of the body mainly the lungs.(André and Zielinski, 2012) In 

order to test the effect of 4i on the metastatic potential of the tumors in vivo, post-treatment 

period, after the surgical tumor isolation from different groups of mice on day 22, all the 

mice were left for 7 more days to observe metastasis. Metastasis was first detected by 

measuring the luciferin-mediated bioluminescence from the 4T1-Luc tumors. From the 

images obtained as depicted in Figure 4.23A, it was observed that severe metastasis to the 

lungs was seen in the control group, and a considerable amount of signal was found in 

UF010-treated mice, whereas little signal was found in both the treatment groups of 4i (5 

mg/kg and 15 mg/kg).  
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Figure 4.23. Analysis of in vivo tumor metastasis in the 4T1-Luc tumor bearing mouse model. 

(A) Tumor metastasis was assessed at the indicated time points by whole animal 

bioluminescence imaging of 4T1-Luc tumors using IVIS® Lumina III, PerkinElmer, USA; (B) 

Representative images of the lungs isolated showing metastatic nodules; (C) Bioluminescence 

imaging of the isolated lungs containing metastatic 4T1-Luc tumors using IVIS® Lumina III, 

PerkinElmer, USA; (D) Graph representing the luminescence intensities recorded; (E) Mean 

number of tumor nodules as shown in the images of isolated lungs; (F) Graph representing the 



Chapter 4: Pyrazino hydrazides as HDAC3 selective inhibitors 

[183] 

 

weight of the isolated lungs; (G) Detailed pictorial representation of the isolated lungs one from 

each group and the tumor nodules were marked with circles along with the H&E staining 

images of the lungs detecting tumor metastasis; (H) The graph represents the percentage 

affected area of the lungs after metastasis in different treatment groups. A fluorescence 

microscope from Leica microsystems, Germany was used to obtain the images. Representation 

of lung metastasis is expressed as the affected area with respect to the total area of the lung. 

Reduction in metastasis was observed in the lungs of 4i treated animals compared to that of 

UF010 (t = 5.94; n = 170; * t0.001). These differences are also significant between the lungs 

of 4i treatment animals with respect to untreated animal lungs. The quantification was carried 

out using Image J software, and the graphs were plotted in GraphPad Prism™ version 8.0.1. 

Data represents the values of mean ± the standard error of the mean (SEM, n=3); *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001, significantly different from the control group.  

 

The corresponding luminescence intensities were plotted as a graph in Figure 4.23D. 

Further, the animals were sacrificed on day 30 and the lungs were isolated, weighed and 

the luminescence was measured. The isolated lungs of different groups of mice were 

represented in Figure 4.23B and their luminescence was measured and shown in Figure 

4.23C. The average number of tumor nodules was observed in the lungs and from the 

resulting graph (Figure 4.23E) it can be seen that a higher number of nodules was found 

in the control that also correlated with the increased weight of the isolated lungs when 

compared to the treatment groups where 4i (15 mg/kg) treated mice lungs weighed the least 

(Figure 4.23F). The detailed pictorial representation of the isolated lungs along with the 

H&E staining of the whole lungs has been shown in the Figure 4.23G, where larger and a 

greater number of nodules were found in the lungs of the control group mice followed by 

UF010 while the smaller or negligible nodules in 4i treated mice lungs as indicated by the 
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arrows. The higher number of hematoxyline-positive cells aggregated in certain areas of 

the lungs indicated tumor nodules. The number of aggregated cells in 4i treated groups 

decreased significantly. Upon quantification (Figure 4.23H) of the affected area in lungs 

by metastasis, about ~90% reduction of the affected area was observed in 4i treated group 

when compared to the mice treated with UF010. It is noteworthy that these results showed 

significant reduction of metastasis in the 4T1-Luc tumor bearing mouse model upon 

treatment with a selective HDAC3 inhibitor 4i.  

4.2.14. Protein expression levels of various histone, apoptotic and proliferative 

biomarkers by western blot analysis in the isolated tumor tissue.   

Taking into consideration, the potent and selective HDAC3 inhibition of 4i along with its 

excellent antitumor efficacy in the breast cancer model, as per the in vitro and in vivo 

evaluation, we next wanted to investigate the relative acetylation levels of canonical histone 

markers along with ac- tubulin and ac-SMC3, and also the protein expression levels of 

various apoptotic proteins such as caspase-3/7, cytochrome c, Bcl-2, proliferative marker 

proteins such as EGFR and Ki-67 and also a metastatic surface adhesion marker CD44 by 

western blot analysis. The blots obtained and their corresponding graphical representation 

of the quantified blots are represented in Figure 4.24A–C. 

 

The tumor tissue lysate from the isolated tumors from the mice were subjected to the 

western blot analysis following the protocol previously described.(Pulya et al., 2022). From 

the results obtained, hyperacetylation of the canonical histone lysine residues Ac-H3K9, 

Ac-H3K27, and Ac-H4K12 was found in the treated tissue blots and significantly higher 

levels in 4i blots in a dose dependant manner at both the doses treated. Same time, no 

significant increase of acetylation on tubulin (Ac-tubulin) and on SMC3 (Ac-SMC3) was 

observed in 4i blots compared to the control. Tubulin and SMC3 are known to be 

acetylation substrates of HDAC6 and HDAC8 respectively. 
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Figure 4.24. Western blot analysis of various biomarkers in the protein samples extracted 

from the tumor tissue that is isolated from the control, UF010 (15 mg/kg) and 4i (5 mg/kg 

and 15 mg/kg) treated mice in the 4T1-Luc tumor xenograft mouse model. The blots and 

the corresponding quantification of the blots were plotted as the graphs represented above. 

(A) Image representing the blots of Ac-H3K9, Ac-H3K27, Ac-H4K12, Ac-tubulin, and Ac-

SMC3 levels in 4T1-Luc tumor tissue samples and the corresponding quantification plotted 

as a graph in the right; (B) Image representing the blots of caspase-3, caspase-7, and 

cytochrome c levels in the 4T1-Luc tumor tissue samples and the corresponding 

quantification plotted as a graph below; (C) Image representing the blots of CD44, Bcl-2, 

EGFR and Ki-67 levels in the 4T1-Luc tumor tissue samples and the corresponding 

quantification plotted as a graph below. β-actin was used as an internal control and the 
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graphs were plotted by normalizing the protein expression levels compared to the control 

group values analyzed in Image J software. Significance was analyzed using one-way 

ANOVA analysis and the graphs were plotted in GraphPad Prism™ version 8.0.1. Data 

represents the values of mean ± the standard error of the mean (SEM); *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001, significantly different from the control group. 

 

These findings represented in Figure 4.24A correlate with our in vitro HDAC isoform 

enzyme inhibition assay results, that 4i is a highly selective HDAC3 inhibitor and 

demonstrates a greater extent of selectivity over HDAC6 and HDAC8. All the in vitro and 

in vivo results demonstrated excellent cytotoxic and antitumor properties of 4i through 

different mechanisms such as apoptosis, ROS generation, reduced metastatic potential, and 

also its excellent antiproliferative property. However, several intrinsic pathways in the 

tumor cells are known to have a key role in regulating the antitumor effects of 

HDACis.(Newbold et al., 2016) We have seen from our results that apoptosis induction is 

due to ROS generation in the tumor cells in response to the treatment by HDAC3 inhibitor, 

4i. This mechanism of HDAC inhibitor-mediated ROS generation and accumulation in 

response to oxidative stress leads to the loss of mitochondrial membrane potential thus 

releasing cytochrome c along with caspase activation, particularly in the cancer cells over 

normal cells.(Brentnall et al., 2013; Rosato et al., 2003; Rosato and Grant, 2005) Hence, 

we studied the protein expression levels of caspase-3, caspase-7, and cytochrome c through 

western blot analysis. The results represented in Figure 4.24B have revealed significant 

upregulation of the studied apoptotic markers further affirming the cell death mechanism 

in the tumor cells. Moreover, the downregulation of antiapoptotic marker Bcl-2 was 

observed consistent with the literature reports stating the HDAC inhibitor-mediated 

downregulation of Bcl-2 subsequently led to apoptosis.(Bolden et al., 2013) Further, the 
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antiproliferative and reduced metastasis in the 4i treated mice was significantly higher than 

the UF010 and the control group mice. In this regard, EGFR and Ki-67, the proliferative 

markers that are especially known to be overexpressed in breast cancer cells were 

studied.(Kwak et al., 2019; Lo et al., 2006; Soliman and Yussif, 2016) From the blots 

obtained and analyzed (Figure 4.24C), we can see a huge reduction in the protein levels in 

the 4i treated tumor tissue against UF010 and control group, indicating a higher 

antiproliferative potential of 4i in the in vivo mouse model. One of the key regulators of 

metastasis is the cell surface adhesion receptor, CD44, which is found to be over expressed 

in various cancers and its attachment to the cell surface regulates metastasis via interacting 

with various extracellular ligands thus promoting tumor cell invasion and progression into 

the blood circulation.(Negi et al., 2012; Park et al., 2022) Our results clearly demonstrated 

the significant reduction in the CD44 protein expression levels in the 4i treated samples 

over UF010 and the control group samples, thus correlating with our in vivo therapeutic 

efficacy data. The western blot analysis of the various markers indicated the significant 

HDAC3 isoform selectivity and also evidenced the HDAC inhibitor-induced tumor cell 

death and the antiproliferative property is majorly through the regulation of various 

intrinsic pathways thus contributing to the therapeutic efficacy of the lead compound 4i in 

the 4T1-Luc TNBC tumors in vivo. 

4.2.15. Binding mode of interactions analysis of lead compound 4i. 

All these compounds were docked into the active site of HDAC3 (PDB: 4A69). It was 

noticed that all these compounds aligned closely at the HDAC3 active site in an almost 

overlapping fashion (Figure 4.25). The hydrazide amide groups of all these compounds 

were located close to the catalytic Zn2+ ion.         
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Figure 4.25. Aligned structures of all these hydrazides at the HDAC3 active site (PDB: 

4A69) 

The most potent and selective HDAC3 inhibitor (4i) was docked into the active site of 

several HDAC isoforms (namely HDAC3, HDAC2, HDAC8, and HDAC6) to know the 

exact binding mode of action regulating the activity profile (Figure 4.26A - D). 

 

Figure 4.26. Molecular docking interaction of the best active and selective HDAC3 
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inhibitor 4i at the active site of (A) HDAC3 (PDB: 4A69); (B) HDAC2 (PDB: 3MAX); 

(C) HDAC8 (PDB: 1T69); and (D) HDAC6 (PDB: 5EDU). 

It was noticed that compound 4i perfectly fitted into the active site of HDAC3 executing 

several interactions that were comparatively higher than the binding of other respective 

HDAC isoforms (Figure 4.26). It was also in agreement with the enzyme inhibitory results 

obtained for compound 4i. Regarding the binding mode of interaction at the HDAC3 active 

site (Figure 4.26A), it was noticed that the amide group adjacent to the carbonyl group 

formed a salt bridge interaction with the catalytic Zn2+ ion. The other amide group formed 

a hydrogen bonding interaction with Tyr298 amino acid residue. The other hydrogen 

bonding interaction between the amide group adjacent to the pyrazine scaffold and Asp93 

was found to be the most crucial one because such type of interaction was not observed 

while binding with other HDAC isoforms (Figure 4.26). Similarly, in the case of binding 

with HDAC3, the pyrazine scaffold was found to be involved with three π-π stacking 

interactions with amino acid residues Phe144, Phe200, and His172. Apart from that, the 

terminal phenyl group also formed a π-π stacking interaction with Phe200. On the other 

hand, during binding with HDAC2, the carbonyl group was found to form Zn2+ metal 

coordination (Figure 4.26B). Though compound 4i fitted properly at the HDAC2 active 

site, it formed only a few interactions (a π-π stacking interaction between the pyrazine ring 

and Phe155 and a hydrogen bonding interaction between the amide group and amino acid 

residue Gly154). It properly justified the HDAC3-selective character over HDAC2 of 

compound 4i. Again, while binding to the active site of HDAC8 (PDB: 1T69), few 

interactions were noticed but there was no such involvement of the pyrazine ring (Figure 

4.26C). It also speculated a comparatively lower HDAC8 inhibitory activity of 4i than in 

HDAC3. Interestingly, it was noticed that while binding to the active site of HDAC6 (PDB: 

5EDU), compound 4i displayed a completely different orientation than the other HDACs 
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mentioned above (Figure 4.26D). It justified the HDAC6-sparing character of compound 

4i. Therefore, in a nutshell, the binding mode of interaction analysis completely correlated 

with the enzyme inhibitory activity and explained the HDAC3-selective character of 

compound 4i.        

4.3. MATERIALS AND METHODS 

4.3.1. Chemistry 

The required starting materials, solvents, and chemical reagents were procured from 

different vendors, and make such as Sigma-Aldrich was used directly without further 

purification. The reference compound, UF010 was synthesized as per the reported protocol 

and was also physicochemically characterized for its purity and structural 

confirmation.(Wang et al., 2015) Thin-layer chromatography technique was used to 

monitor the reaction progress and completion, by using precoated silica gel plates with 

Merck 60 F254 silica gel bought from Merck Millipore Co., USA.  

Purification and analysis: The obtained reaction products were purified using the column 

chromatography technique and for this purpose different mesh sizes (100-200 or 230-400) 

of silica gel were used. The desired product was eluted using different polar and non-polar 

solvents. Further, the compounds were subjected to purity determination using HPLC/LC-

MS analysis. For this purpose, the HPLC-UFLC Shimadzu instrument was used coupled 

with LC-MS 8040 and a photodiode array detector. The reverse phase column of C18, 

4.6×150 mm, of 5 μ was used for HPLC analysis at a flow rate of 1 mL/min for 10 min. 

The isocratic flow was maintained by using the ratio of A20: B80 or A10: B90 (A is water 

+ 0.05% TFA, B is methanol were used as solvents). About 0.6 mL/min flow rate was 

maintained for LC-MS for about 10 min run. 

Characterization: The physicochemical characterization of the final compounds was 

carried out by using proton (1H) and carbon-13 (13C) NMR techniques along with high-
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resolution mass spectroscopy (HRMS) along with HPLC/LC-MS for purity analysis. >95% 

purity was found for all the final compounds as per the HPLC analysis and the lead 

compound 4i, and the reference compound, UF010 were found to be 99.16% and 100% 

pure. The NMR data including both 1H and 13C NMR were recorded on 400 MHz Bruker, 

ASCEND™ spectrometer. Deuterated solvents such as chloroform-d (CDCl3), 

dimethylsulfoxide-d6 (DMSO-d6), and methanol-d4 (CD3OD) were used for the purpose. 

Trimethyl silane (TMS) was used as the internal standard. The data was recorded as 

chemical shifts (δ) in ppm (parts per million) units and the corresponding coupling 

constants (J) were reported in Hz (hertz) units. ACD/Lab’s 2D NMR software of version 

12.01 was used for NMR data analysis. HRMS analysis was conducted using the HRMS 

instrument of make 6545 Q-TOF LC/MS, Agilent, the facility at BITS-Pilani, Pilani 

campus. The data obtained from the HRMS analysis confirmed the purity of the final 

compounds synthesized as the data indicated a difference of ± 0.005 between the obtained 

mass and the theoretical mass of the compounds. 

4.3.1.1. Preparation of methyl pyrazine-2-carboxylate (1f) 

Pyrazine 2-carboxylic acid (5) (1 g, 8.06 mmol) was dissolved in methanol and to this 

catalytic amount of concentrated hydrochloric acid was added dropwise and refluxed for 2 

– 4 h. The excess solvent was evaporated and the crude reaction mixture was dissolved in 

ethyl acetate and washed with water three times and the organic layer was separated. The 

obtained organic layer was then dried over anhydrous sodium sulphate and the excess 

solvent was removed under vacuum using a rota evaporator. The crude reaction mixture 

was then column purified and the pure compound 1f was eluted from the column using a 

40% ethyl acetate and 60% hexane solvent mixture. The compound 1f was obtained as a 

light brown powder of about 81% yield. 1H NMR (400 MHz, DMSO-d6) δ 9.19 - 9.22 (m, 

1H), 8.86 - 8.92 (m, 1H), 8.80 - 8.84 (m, 1H), 3.93 (s, 3H).  
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Spectra 4.1: 1H NMR Spectra for the compound 1f.   

 

4.3.1.2. Preparation of pyrazine-2-carbohydrazide (2f) 

Methyl pyrazine-2-carboxylate (1f) (500 mg, 3.62 mmol) was dissolved in 10 mL of 

methanol, and to these 10 equivalents of hydrazine monohydrate (1.12 mL, 36.2 mmol) 

was added and the reaction was refluxed for 6 h. The reaction completion was confirmed 

by TLC and the crude reaction mixture was rota-evaporated and vacuum dried and was 

carried to the next reaction without any further purification.  

4.3.1.3. Preparation of N'-butylpyrazine-2-carbohydrazide (3f) 

Pyrazine-2-carbohydrazide (2f, 100 mg, 0.723 mmol) was taken in a round-bottomed flask 

and to this 5 mL of ethanol was added. To this, 78.3 μL of butyraldehyde (1 eq, 0.868 

mmol) and 200 mg of anhydrous MgSO4 were added and left for stirring overnight and the 

reaction completion was monitored by TLC. After the reaction is complete, MgSO4 was 

filtered and the excess ethanol was removed and dried completely. The obtained crude 

reaction mixture was then dissolved in 2 mL of methanol and to this 68.24 mg, 1.09 mmol 

of sodium cyanoborohydride was added as a reducing agent. Then a 1:1 mixture of 

methanol and concentrated hydrochloric acid was added dropwise and left for stirring until 

the reaction completion was confirmed by TLC. The reaction mixture was then neutralized 
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by an aqueous sodium bicarbonate solution and concentrated under vacuum. The crude 

reaction mixture was extracted into the ethyl acetate layer three times from the aqueous 

layer. The organic layer was all combined and then dried under a rota evaporator. The 

resultant reaction mixture was then column purified using 30% hexane and 70% ethyl 

acetate as solvent system to obtain the final product 3f as a light brown powder of about 

52% yield. 1H NMR (400 MHz, methanol-d4) δ 9.20 (d, J = 1.50 Hz, 1H), 8.77 (d, J = 2.38 

Hz, 1H), 8.66 (dd, J = 1.56, 2.44 Hz, 1H), 2.90 - 2.96 (m, 2H), 1.49 - 1.60 (m, 2H), 1.36 - 

1.47 (m, 2H), 0.93 – 0.97 (t, J = 7.32 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 162.2, 

147.2, 144.7, 143.5, 143.2, 51.1, 29.6, 19.9, 12.9 HRMS (APESI) m/z calcd for C9H14N4O. 

[M+H]+: 195.1188; found 195.1242. 

 

Spectra 4.2: 1H NMR Spectra for the compound 3f.   
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Spectra 4.3: 13C NMR Spectra for compound 3f.   

 

Spectra 4.4: HPLC traces of compound 3f. 
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Spectra 4.5: LC-MS Spectra for the compound 3f.   

 

Spectra 4.6: HRMS Spectra for the compound 3f. 

4.3.1.4. Preparation of N'-propylpyrazine-2-carbohydrazide (4f) 

Pyrazine-2-carbohydrazide (2f, 100 mg, 0.723 mmol) was taken in a round-bottomed flask 

and to this 5 mL of ethanol was added. To this reaction mixture, 62.5 μL of butyraldehyde 

(1 eq, 0.868 mmol) and 200 mg of anhydrous MgSO4 were added and left for stirring 

overnight and the reaction completion was monitored by TLC. After the reaction is 

complete, MgSO4 was filtered and the excess ethanol was removed and dried completely. 

The obtained crude reaction mixture was then dissolved in 2 mL of methanol and to this 

68.24 mg, 1.09 mmol of sodium cyanoborohydride was added as a reducing agent. Then a 

1:1 mixture of methanol and concentrated hydrochloric acid was added dropwise and left 

for stirring until the reaction completion was confirmed by TLC. The reaction mixture was 

then neutralized by an aqueous sodium bicarbonate solution and concentrated under 

vacuum. The crude reaction mixture was extracted into the ethyl acetate layer three times 

from the aqueous layer. The organic layer was all combined and then dried under a rota 

evaporator. The resultant reaction mixture was then column purified using 30% hexane and 

70% ethyl acetate as solvent system to obtain the final product 4f as a light brown powder 
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about 63% yield. 1H NMR (400 MHz, methanol-d4) δ 9.07 (s, 1H), 8.87 (s, 1H), 8.77 (s, 

1H), 3.79 - 3.82 (m, 2H), 1.72 – 1.81 (m, 2H), 1.02 – 1.06 (t, J = 7.44 Hz, 3H). 13C NMR 

(101 MHz, methanol-d4) δ 165.6, 147.9, 145.4, 143.6, 143.0, 50.2, 19.8, 10.2. HRMS 

(APESI) m/z calcd for C8H12N4O. [M+H]+: 181.1031; found 181.1081. 

   

Spectra 4.7: 1H NMR Spectra for the compound 4f.  
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Spectra 4.8: 13C NMR Spectra for compound 4f.   

 

Spectra 4.9: HPLC traces of compound 4f. 

 

Spectra 4.10: LC-MS Spectra for the compound 4f.   

 

Spectra 4.11: HRMS Spectra for the compound 4f.   
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4.3.1.5. Preparation of methyl 5-(phenylamino)pyrazine-2-carboxylate (1g) 

Methyl 5-chloro pyrazine 2-carboxylate (6) (1 g, 5.79 mmol) was dissolved in 30 mL of 

1,4-dioxane and to this, 2 equivalents of para toluene sulphonic acid (2 g, 11.59 mmol) and 

aniline (0.793 mL, 8.69 mmol) was added and refluxed for 16 h. The reaction completion 

was monitored by TLC and once the reaction is complete, the excess solvent was 

evaporated under a rota evaporator. The crude reaction mixture was dissolved in ethyl 

acetate and washed with water three times and the organic layer was separated. The organic 

layer containing the compound was then dried over anhydrous sodium sulphate and the 

excess solvent was removed under vacuum. The crude reaction mixture was then column 

purified and the pure compound 1g was eluted from the column using 25% ethyl acetate 

and 75% hexane as solvents. The obtained compound 1g in the form of brown powder of 

about 76% yield. 1H NMR (400 MHz, DMSO-d6) δ 10.12 (s, 1H), 8.73 (s, 1H), 8.26 (s, 

1H), 7.74 – 7.76 (d, J = 9.63 Hz, 2H), 7.34 – 7.38 (t, J = 7.57, Hz, 2H), 7.06 (s, 1H), 3.84 

(s, 3H). 

 

Spectra 4.12: 1H NMR Spectra for the compound 1g.   

30-BG-PS-SP-72.001.001.1r.esp

11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0

Chemical Shift (ppm)

3
.0

0

1
.0

5

2
.1

6

2
.1

3

1
.0

4

0
.8

8

1
.0

2
1
0
.1

2

8
.7

3
8
.7

3

8
.2

6

7
.7

6
7
.7

4
7
.3

8
7
.3

6
7
.3

6
7
.3

4
7
.0

6

3
.8

4

1g



Chapter 4: Pyrazino hydrazides as HDAC3 selective inhibitors 

[199] 

 

4.3.1.6. Preparation of 5-(phenylamino)pyrazine-2-carbohydrazide (2g) 

Following the synthetic procedure of 2f, compound 1f and the excess of hydrazine 

monohydrate gave 2g as brown solid. The crude reaction mixture was carried for next 

reaction without further purification. 

4.3.1.7. Preparation of N'-butyl-5-(phenylamino)pyrazine-2-carbohydrazide (3g) 

Following the synthetic procedure of 3f, starting materials 2g and butyraldehyde gave 3g 

as a white powder in 42% yield. 1H NMR (400 MHz, methanol-d4) δ 8.59 (d, J = 1.25 Hz, 

1H), 8.01 (d, J = 1.38 Hz, 1H), 7.59 (d, J = 7.63 Hz, 2H), 7.21 - 7.25 (m, 2H), 6.93 - 6.97 

(m, 1H), 2.78 - 2.82 (m, 2H), 1.39 - 1.49 (m, 2H), 1.27 - 1.36 (m, 2H), 0.83 – 0.87 (t, J = 

7.32 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 163.5, 154.1, 141.3, 139.4, 133.3, 132.9, 

128.5, 122.8, 119.5, 51.3, 29.6, 19.9, 12.9. HRMS (APESI) m/z calcd for C15H19N5O. 

[M+H]+: 286.162; found 286.1663. 

 

Spectra 4.13: 1H NMR Spectra for the compound 3g.   
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Spectra 4.14: 13C NMR Spectra for compound 3g.   

 

Spectra 4.15: HPLC traces of compound 3g. 
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Spectra 4.16: LC-MS Spectra for the compound 3g.   

 

Spectra 4.17: HRMS Spectra for the compound 3g.   

4.3.1.8. Preparation of N'-propyl-5-(phenylamino)pyrazine-2-carbohydrazide (4g) 

Following the synthetic procedure of 4f, starting materials 2g and propionaldehyde gave 

4g as a white powder in 47% yield. 1H NMR (400 MHz, methanol-d4) δ 8.69 (d, J = 1.38 

Hz, 1H), 8.12 (d, J = 1.38 Hz, 1H), 7.69 - 7.71 (m, 2H), 7.31 - 7.35 (m, 2H), 7.04 – 7.08 

(m, 1H), 2.86 - 2.89 (m, 2H), 1.53 – 1.63 (m, 2H), 0.97 – 1.01 (t, J = 7.44 Hz, 3H). 13C 

NMR (101 MHz, methanol-d4) δ 163.5, 154.1, 141.4, 141.3, 139.4, 133.3, 132.9, 128.5, 

122.8, 119.5, 53.4, 20.6, 10.5. HRMS (APESI) m/z calcd for C14H17N5O. [M+H]+: 
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272.1463; found 272.1505. 

 

Spectra 4.18: 1H NMR Spectra for the compound 4g.   

 

Spectra 4.19: 13C NMR Spectra for compound 4g.   
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Spectra 4.20: HPLC traces of compound 4g. 

 

Spectra 4.21: LC-MS Spectra for the compound 4g.   

 

Spectra 4.22: HRMS Spectra for the compound 4g.   

4.3.1.9. Preparation of methyl 5-(benzylamino)pyrazine-2-carboxylate (1h) 
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Methyl 5-chloro pyrazine 2-carboxylate (6) (1 g, 5.79 mmol) was dissolved in 30 mL of 

1,4-dioxane, and to these 2 equivalents of para toluene sulphonic acid (2 g, 11.59 mmol) 

and benzylamine (0.950 mL, 8.69 mmol) was added and refluxed for 12 h. The reaction 

completion was monitored by TLC and once the reaction is complete, the excess solvent 

was evaporated under rota evaporator. The crude reaction mixture was dissolved in ethyl 

acetate and washed with water three times and the organic layer was separated. The organic 

layer containing the compound was then dried over anhydrous sodium sulphate and the 

excess solvent was removed under vacuum. The crude reaction mixture was then column 

purified and the pure compound 1h was eluted from the column using 35% ethyl acetate 

and 65% hexane as solvents. The obtained compound 1h in the form of light brown powder 

of about 76% yield. 1H NMR (400 MHz, CDCl3) δ 8.79 (s, 1H), 7.94 (s, 1H), 7.32 - 7.36 

(m, 3H), 4.65 (d, J = 5.63 Hz, 2H), 3.94 (s, 3H). 

 

Spectra 4.23: 1H NMR Spectra for the compound 1h.   

4.3.1.10. Preparation of 5-(benzylamino)pyrazine-2-carbohydrazide (2h) 

1h
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Following the synthetic procedure of 2f, compound 1h and excess of hydrazine 

monohydrate gave 2h as a light brown solid. The crude reaction mixture was carried out 

for the next reaction without further purification.  

4.3.1.11. Preparation of 5-(benzylamino)-N'-butylpyrazine-2-carbohydrazide (3h) 

Following the synthetic procedure of 3f, starting materials 2h and butyraldehyde gave 3h 

as a brown solid in 56% yield. 1H NMR (400 MHz, methanol-d4) δ 8.46 (d, J = 1.38 Hz, 

1H), 7.80 (d, J = 1.38 Hz, 1H), 7.19 - 7.26 (m, 4H), 7.12 - 7.16 (m, 1H), 4.50 (s, 2H), 2.76 

- 2.80 (t, J = 7.25 Hz, 2H), 1.39 - 1.46 (m, 2H), 1.28 - 1.35 (m, 2H), 0.83 – 0.86 (t, J = 7.32 

Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 163.9, 156.2, 141.8, 138.6, 131.8, 131.7, 

128.2, 127.2, 126.9, 51.3, 44.1, 29.6, 19.9, 12.9. HRMS (APESI) m/z calcd for C16H21N5O. 

[M+H]+: 300.1766; found 300.1818. 

 

Spectra 4.24: 1H NMR Spectra for the compound 3h.   
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Spectra 4.25: 13C NMR Spectra for compound 3h.   

 

Spectra 4.26: HPLC traces of compound 3h. 
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Spectra 4.27: LC-MS Spectra for the compound 3h.   

 

Spectra 4.28: HRMS Spectra for the compound 3h.   

4.3.1.12. Preparation of 5-(benzylamino)-N'-propylpyrazine-2-carbohydrazide (4h) 

Following the synthetic procedure of 4f, the starting materials 2h and propionaldehyde gave 

4h as a brown solid in 49% yield. 1H NMR (400 MHz, methanol-d4) δ 8.46 (s, 1H), 7.81 

(s, 1H), 7.24 - 7.26 (m, 3H), 7.14 - 7.17 (m, 2H), 4.51 (s, 2H), 2.73 - 2.76 (m, 1H), 1.43 - 

1.51 (m, 2H), 0.85 – 0.89 (t, J = 7.44 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 161.3, 

157.7, 143.8, 143.4, 140.2, 133.2, 129.7, 128.8, 128.4, 55.0, 45.7, 22.1, 12.0. HRMS 

(APESI) m/z calcd for C15H19N5O. [M+H]+: 286.161; found 286.1659. 
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Spectra 4.29: 1H NMR Spectra for the compound 4h.   

 

Spectra 4.30: 13C NMR Spectra for compound 4h.   
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Spectra 4.31: HPLC traces of compound 4h. 

 

Spectra 4.32: LC-MS Spectra for the compound 4h.   

 

Spectra 4.33: HRMS Spectra for the compound 4h.   

4.3.1.13. Preparation of methyl 5-((4-methoxybenzyl)amino)pyrazine-2-carboxylate (1i) 

Methyl 5-chloro pyrazine 2-carboxylate (6) (3 g, 17.38 mmol) was dissolved in 30 mL of 
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THF, and to these 2 equivalents of para methoxy benzylamine (4.54 mL, 34.77 mmol) was 

added, and stirred for 18 h at room temperature. The reaction completion was monitored 

by TLC and once the reaction is complete, the excess solvent was evaporated under a rota 

evaporator. The crude reaction mixture was dissolved in ethyl acetate and washed with 

water three times and the organic layer was separated. The organic layer containing the 

compound was then dried over anhydrous sodium sulphate and the excess solvent was 

removed under vacuum. The crude reaction mixture was then column purified and the pure 

compound 1i was eluted from the column using 15% ethyl acetate and 85% hexane as 

solvents. The obtained compound 1i in the form of a white powder of about 89% yield. 1H 

NMR (400 MHz, CDCl3) δ 8.77 (s, 1H), 7.91 (s, 1H), 7.25 – 7.27 (d, J = 8.50 Hz, 2H), 6.86 

– 6.89 (d, J = 8.63 Hz, 2H), 5.63 (br. s., 1H), 4.56 – 4.58 (d, J = 5.50 Hz, 2H), 3.94 (s, 3H), 

3.80 (s, 3H). 

 

Spectra 4.34: 1H NMR Spectra for the compound 1i.   

4.3.1.14. Preparation of 5-((4-methoxybenzyl)amino)pyrazine-2-carbohydrazide (2i) 

Following the synthetic procedure of 2f, compound 1i and excess of hydrazine 
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monohydrate gave 2i as a white solid. The crude reaction mixture was carried out for the 

next reaction without further purification. 

4.3.1.15. Preparation of N'-butyl-5-((4-methoxybenzyl)amino)pyrazine-2-

carbohydrazide (3i) 

Following the synthetic procedure of 3f, starting materials 2i and butyraldehyde gave 3i as 

a white powder in 71% yield. 1H NMR (400 MHz, CDCl3) δ 8.72 (d, J = 1.25 Hz, 1H), 7.77 

(d, J = 1.25 Hz, 1H), 7.21 - 7.33 (m, 2H), 6.82 - 6.92 (m, 2H), 4.53 (s, 2H), 3.79 (s, 3H), 

2.88 – 2.92 (t, J = 7.32 Hz, 2H), 1.48 - 1.55 (m, 2H), 1.34 – 1.43 (m, 2H), 0.91 – 0.95 (t, J 

= 7.25 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 163.5, 159.0, 155.7, 142.6, 132.1, 130.4, 

129.8, 128.9, 114.1, 55.2, 51.9, 44.6, 29.8, 20.1, 13.8. HRMS (APESI) m/z calcd for 

C17H23N5O. [M+H]+: 330.1872; found 330.1911. 

 

Spectra 4.35: 1H NMR Spectra for the compound 3i.   
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Spectra 4.36: 13C NMR Spectra for compound 3i.   

 

Spectra 4.37: HPLC traces of compound 3i. 
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Spectra 4.38: LC-MS Spectra for the compound 3i.   

 

Spectra 4.39: HRMS Spectra for the compound 3i.   

4.3.1.16. Preparation of N'-propyl-5-((4-methoxybenzyl)amino)pyrazine-2-

carbohydrazide (4i) 

Following the synthetic procedure of 4f, starting materials 2i and propionaldehyde gave 4i 

as a white powder in 73% yield. 1H NMR (400 MHz, methanol-d4) δ 8.45 (d, J = 1.38 Hz, 

1H), 7.76 (d, J = 1.38 Hz, 1H), 7.13 - 7.15 (m, 2H), 6.73 - 6.75 (m, 2H), 4.39 (s, 2H), 3.63 

(s, 3H), 2.71 - 2.75 (m, 2H), 1.39 – 1.48 (m, 2H), 0.83 – 0.86 (t, J = 7.44 Hz, 3H). 13C NMR 

(101 MHz, methanol-d4) δ 163.9, 159.1, 156.1, 141.9, 131.8, 131.5, 130.4, 128.6, 113.6, 

54.3, 53.5, 43.7, 20.6, 10.5. HRMS (APESI) m/z calcd for C16H21N5O. [M+H]+: 316.1695; 

found 316.1745. 
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Spectra 4.40: 1H NMR Spectra for the compound 4i.   

 

Spectra 4.41: 13C NMR Spectra for compound 4i.   
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Spectra 4.42: HPLC traces of compound 4i. 

 

Spectra 4.43: LC-MS Spectra for the compound 4i.   

 

Spectra 4.44: HRMS Spectra for the compound 4i.   

4.3.1.17. Preparation of methyl 5-(naphthalen-1-ylamino)pyrazine-2-carboxylate (1j) 
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Methyl 5-chloro pyrazine 2-carboxylate (6) (1 g, 5.79 mmol) was dissolved in 30 mL of 

1,4-dioxane, and to these 2 equivalents of para toluene sulphonic acid (2 g, 11.59 mmol) 

and naphthylamine (995.70 mg, 6.95 mmol) was added and refluxed for 24 h. The reaction 

completion was monitored by TLC and once the reaction is complete, the excess solvent 

was evaporated under a rota evaporator. The crude reaction mixture was dissolved in ethyl 

acetate and washed with water three times and the organic layer was separated. The organic 

layer containing the compound was then dried over anhydrous sodium sulphate and the 

excess solvent was removed under vacuum. The crude reaction mixture was then column 

purified and the pure compound 1j was eluted from the column using 15% ethyl acetate 

and 85% hexane as solvents. The obtained compound 1i in the form of dark brown powder 

of about 48% yield. 1H NMR (400 MHz, CDCl3) δ 8.86 (d, J = 1.38 Hz, 1H), 8.05 (d, J = 

1.38 Hz, 1H), 7.93 - 7.98 (m, 2H), 7.85 (d, J = 8.25 Hz, 1H), 7.65 (d, J = 7.13 Hz, 1H), 

7.50 - 7.60 (m, 3H), 7.39 (s, 1H), 3.97 (s, 3H). 

 

Spectra 4.45: 1H NMR Spectra for the compound 1j.   

4.3.1.18. Preparation of 5-(naphthalen-1-ylamino)pyrazine-2-carbohydrazide (2j) 

1j
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Following the synthetic procedure of 2f, compound 1j and excess of hydrazine 

monohydrate gave 2j as a dark brown solid. The crude reaction mixture was carried out for 

the next reaction without further purification. 

4.3.1.19. Preparation of N'-butyl-5-(naphthalen-1-ylamino)pyrazine-2-carbohydrazide 

(3j) 

Following the synthetic procedure of 3f, starting materials 2j and butyraldehyde gave 3j as 

a dark brown powder in 59% yield. 1H NMR (400 MHz, CDCl3) δ 8.89 (d, J = 1.25 Hz, 

1H), 8.72 (br. s., 1H), 7.93 - 8.01 (m, 2H), 7.82 - 7.87 (m, 2H), 7.61 - 7.65 (m, 1H), 7.51 - 

7.60 (m, 3H), 7.31 - 7.37 (m, 1H), 2.91 – 2.95 (t, J = 7.25 Hz, 2H), 1.64 (br. s., 2H), 1.47 - 

1.58 (m, 2H), 1.35 – 1.44 (m, 2H), 0.91 – 0.94 (t, J = 7.32 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 162.9, 155.4, 142.9, 134.7, 133.3, 129.3, 129.2, 128.8, 127.4, 127.0, 126.8, 125.8, 

122.3, 121.8, 52.2, 30.1, 20.2, 14.0. HRMS (APESI) m/z calcd for C19H21N5O. [M+H]+: 

336.1780; found 336.1810. 

 

Spectra 4.46: 1H NMR Spectra for the compound 3j.   
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Spectra 4.47: 13C NMR Spectra for compound 3j.   

 

Spectra 4.48: HPLC traces of compound 3j. 
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Spectra 4.49: LC-MS Spectra for the compound 3j.   

 

Spectra 4.50: HRMS Spectra for the compound 3j.   

4.3.1.20. Preparation of N'-propyl-5-(naphthalen-1-ylamino)pyrazine-2-carbohydrazide 

(4j) 

Following the synthetic procedure of 4f, starting materials 2j and propionaldehyde gave 4j 

as a dark brown solid in 37% yield. 1H NMR (400 MHz, CDCl3) δ 8.89 (d, J = 1.25 Hz, 

1H), 8.72 (br. s., 1H), 7.93 - 8.01 (m, 2H), 7.82 - 7.87 (m, 2H), 7.61 - 7.65 (m, 1H), 7.51 - 

7.60 (m, 3H), 7.31 - 7.37 (m, 1H), 2.91 – 2.95 (t, J = 7.25 Hz, 2H), 1.64 (br. s., 2H), 1.35 – 

1.44 (m, 2H), 0.91 – 0.94 (t, J = 7.32 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 161.56, 

154.10, 141.46, 133.23, 132.04, 127.97, 127.43, 126.02, 126.01, 125.52, 124.47, 120.93, 

120.55, 50.78, 18.87, 12.93. HRMS (APESI) m/z calcd for C18H19N5O. [M+H]+: 322.1600; 

found 322.1653. 
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Spectra 4.51: 1H NMR Spectra for the compound 4j.   

 

Spectra 4.52: 13C NMR Spectra for compound 4j.   
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Spectra 4.53: HPLC traces of compound 4j. 

 

Spectra 4.54: LC-MS Spectra for the compound 4j.  

 

Spectra 4.55: HRMS Spectra for the compound 4j. 

4.3.1.21. Preparation of methyl 5-(piperidin-1-yl)pyrazine-2-carboxylate (1k) 
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Methyl 5-chloro pyrazine 2-carboxylate (6) (1 g, 5.79 mmol) was dissolved in 10 mL of 

DMF and to these 1.5 equivalents of DIPEA (1.51 mL, 8.69 mmol) and piperidine (0.686 

mL, 6.95 mmol) was added and stirred at room temperature overnight. The reaction 

completion was monitored by TLC and once the reaction is complete, the excess solvent 

was evaporated under a rota evaporator. The crude reaction mixture was dissolved in ethyl 

acetate and washed with water three times and the organic layer was separated. The organic 

layer containing the compound was then dried over anhydrous sodium sulphate and the 

excess solvent was removed under vacuum. The crude reaction mixture was then column 

purified and the pure compound 1k was eluted from the column using 20% ethyl acetate 

and 80% hexane as solvents. The obtained compound 1k in the form of a white powder of 

about 65% yield. 1H NMR (400 MHz, CDCl3) δ 8.77 (s, 1H), 8.12 (s, 1H), 3.94 - 3.95 (m, 

3H), 3.71 – 3.73 (t, J = 4.38 Hz, 4H), 1.70 - 1.72 (m, 2H), 1.66 - 1.70 (m, 4H). 

 

Spectra 4.56: 1H NMR Spectra for the compound 1k.   

4.3.1.22. Preparation of 5-(piperidin-1-yl)pyrazine-2-carbohydrazide (2k) 

Following the synthetic procedure of 2f, compound 1k and excess of hydrazine 

monohydrate gave 2k as a light brown solid. The crude reaction mixture was carried out 

for the next reaction without further purification. 
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4.3.1.23. Preparation of N'-butyl-5-(piperidin-1-yl)pyrazine-2-carbohydrazide (3k) 

Following the synthetic procedure of 3f, starting materials 2k and butyraldehyde gave 3k 

as a brown powder in 65% yield. 1H NMR (400 MHz, CDCl3) δ 8.78 (s, 1H), 7.94 (s, 1H), 

3.66 - 3.72 (m, 4H), 2.92 - 2.95 (m, 2H), 1.67 – 1.72 (m, 6H), 1.52 – 1.58 (m, 2H), 1.37 - 

1.45 (m, 2H), 0.92 – 0.95 (t, J = 7.25 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 163.5, 155.5, 

142.5, 131.3, 127.9, 52.2, 45.5, 30.1, 25.5, 24.4, 20.2, 14.0. HRMS (APESI) m/z calcd for 

C14H23N5O. [M+H]+: 278.1933; found 278.1976. 

 

Spectra 4.57: 1H NMR Spectra for the compound 3k.   
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Spectra 4.58: 13C NMR Spectra for compound 3k.   

 

Spectra 4.59: HPLC traces of compound 3k. 
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Spectra 4.60: LC-MS Spectra for the compound 3k.   

 

Spectra 4.61: HRMS Spectra for the compound 3k.   

4.3.1.24. Preparation of N'-propyl-5-(piperidin-1-yl)pyrazine-2-carbohydrazide (4k) 

Following the synthetic procedure of 4f, starting materials 2k and propionaldehyde gave 

4k as a light brown powder in 69% yield. 1H NMR (400 MHz, CDCl3) δ 8.78 (s, 1H), 7.95 

(s, 1H), 3.68 - 3.71 (m, 4H), 2.89 – 2.93 (t, J = 7.25 Hz, 2H), 1.67 - 1.70 (m, 6H), 1.56 - 

1.62 (m, 2H), 0.96 – 1.00 (t, J = 7.44 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 163.5, 155.5, 

142.5, 131.3, 127.9, 54.3, 45.5, 25.5, 24.5, 21.3, 11.6. HRMS (APESI) m/z calcd for 

C13H21N5O. [M+H]+: 264.1786; found 264.1821. 
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Spectra 4.62: 1H NMR Spectra for the compound 4k.   

 

Spectra 4.63: 13C NMR Spectra for compound 4k.   
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Spectra 4.64: HPLC traces of compound 4k. 

 

Spectra 4.65: LC-MS Spectra for the compound 4k.   

 

Spectra 4.66: HRMS Spectra for the compound 4k.   

4.3.1.25. Preparation of 5-amino-N'-butylpyrazine-2-carbohydrazide (3l) 

N'-butyl-5-((4-methoxybenzyl)amino)pyrazine-2-carbohydrazide (3i) (500 mg, 1.52 

mmol) was dissolved in 5 mL of dry DCM and to these 3 equivalents of trifluoroacetic acid 
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(0.348 mL, 4.55 mmol) was added and stirred at 90 °C for 2 h. The reaction completion 

was monitored by TLC and once the reaction is complete, the excess solvent was 

evaporated under a rota evaporator. The crude reaction mixture was then neutralized with 

aqueous sodium bicarbonate solution and then dissolved in ethyl acetate and washed with 

water three times and the organic layer was separated. The organic layer containing the 

compound was then dried over anhydrous sodium sulphate and the excess solvent was 

removed under vacuum. The crude reaction mixture was then column purified and the pure 

compound 3l was eluted from the column using 65% ethyl acetate and 35% hexane as 

solvents. The obtained compound 3l in the form of yellow powder of about 41% yield. 1H 

NMR (400 MHz, methanol-d4) δ 8.40 (d, J = 1.38 Hz, 1H), 7.80 (d, J = 1.38 Hz, 1H), 2.77 

- 2.81 (m, 2H), 1.38 - 1.47 (m, 2H), 1.28 - 136 (m, 2H), 0.83 – 0.87 (t, J = 7.32 Hz, 3H). 

13C NMR (101 MHz, methanol-d4) δ 163.7, 157.4, 141.8, 132.3, 131.2, 51.3, 29.6, 19.9, 

12.9. HRMS (APESI) m/z calcd for C9H15N5O. [M+H]+: 210.1297; found 210.1348. 

 

Spectra 4.67: 1H NMR Spectra for the compound 3l.   
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Spectra 4.68: 13C NMR Spectra for compound 3l.   

 

Spectra 4.69: HPLC traces of compound 3l. 
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Spectra 4.70: LC-MS Spectra for the compound 3l.  

  

Spectra 4.71: HRMS Spectra for the compound 3l.   

4.3.1.26. Preparation of 5-amino-N'-propylpyrazine-2-carbohydrazide (4l) 

Following the synthetic procedure of 3l, starting materials 4i and trifluoroacetic acid gave 

4l as a yellow powder in 45% yield. 1H NMR (400 MHz, methanol-d4) δ 8.40 (d, J = 1.38 

Hz, 1H), 7.80 (d, J = 1.38 Hz, 1H), 2.73 - 2.77 (m, 2H), 1.42 - 1.51 (m, 2H), 0.85 – 0.89 (t, 

J = 7.44 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 164.1, 157.5, 142.2, 132.34, 130.9, 

60.1, 19.8, 10.6. HRMS (APESI) m/z calcd for C8H13N5O. [M+H]+: 196.114; found 

196.119. 
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Spectra 4.72: 1H NMR Spectra for the compound 4l.   

  

Spectra 4.73: 13C NMR Spectra for compound 4l.   
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Spectra 4.74: HPLC traces of compound 4l. 

 

Spectra 4.75: LC-MS Spectra for the compound 4l.   

 

Spectra 4.76: HRMS Spectra for the compound 4l.   

4.3.1.27. Preparation of N-(5-(2-butylhydrazine-1-carbonyl)pyrazin-2-yl)acetamide (3m) 

5-amino-N'-butylpyrazine-2-carbohydrazide (3l) (100 mg, 0.477 mmol) was dissolved in 5 
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mL of dry DCM and to these 3 equivalents of triethylamine (0.190 mL, 1.43 mmol) was 

added at 0 °C. To this acetyl chloride (51.15 μL, 0.716 mmol) was added dropwise and the 

reaction mixture was left for stirring at room temperature for 6 h. The reaction completion 

was monitored by TLC and once the reaction is complete, the excess solvent was 

evaporated under a rota evaporator. The crude reaction mixture was then neutralized with 

aqueous sodium bicarbonate solution and then dissolved in ethyl acetate and washed with 

water three times and the organic layer was separated. The organic layer containing the 

compound was then dried over anhydrous sodium sulphate and the excess solvent was 

removed under vacuum. The crude reaction mixture was then column purified and the pure 

compound 3m was eluted from the column using 70% ethyl acetate and 30% hexane as 

solvents. The obtained compound 3m in the form of a white powder of about 53% yield. 

1H NMR (400 MHz, methanol-d4) δ 8.47 (s, 1H), 7.84 (s, 1H), 3.50 - 3.54 (m, 2H), 1.92 (s, 

3H), 1.42 – 1.50 (m, 2H), 1.22 – 1.31 (m, 2H), 0.81 – 0.85 (t, J = 7.32 Hz, 3H). 13C NMR 

(101 MHz, methanol-d4) δ 175.6, 165.5, 159.4, 144.6, 133.0, 132.7, 53.4, 30.4, 21.2, 20.8, 

14.3. HRMS (APESI) m/z calcd for C11H17N5O2. [M+H]+: 252.1401; found 252.1453. 

 

Spectra 4.77: 1H NMR Spectra for the compound 3m.   
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Spectra 4.78: 13C NMR Spectra for compound 3m.   

 

Spectra 4.79: HPLC traces of compound 3m. 
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Spectra 4.80: LC-MS Spectra for the compound 3m.   

 

Spectra 4.81: HRMS Spectra for the compound 3m.   

4.3.1.28. Preparation of N-(5-(2-propylhydrazine-1-carbonyl)pyrazin-2-yl)acetamide 

(4m) 

Using the synthetic procedure of 3m, starting materials 4l and acetyl chloride gave 4m as 

a white powder in 48% yield. 1H NMR (400 MHz, methanol-d4) δ 8.47 (s, 1H), 7.86 (s, 

1H), 3.45 – 3.49 (m, 2H), 1.90 (s, 3H), 1.45 – 1.55 (m, 2H), 0.81 – 0.85 (t, J = 7.44 Hz, 

3H). 13C NMR (101 MHz, methanol-d4) δ 175.7, 164.1, 160.1, 145.3, 133.6, 133.3, 51.5, 

21.9, 20.5, 12.4. HRMS (APESI) m/z calcd for C10H15N5O2. [M+H]+: 238.1246; found 

238.1293. 
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Spectra 4.82: 1H NMR Spectra for the compound 4m.   

  

Spectra 4.83: 13C NMR Spectra for compound 4m.   
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Spectra 4.84: HPLC traces of compound 4m. 

 

Spectra 4.85: LC-MS Spectra for the compound 4m.  

  

Spectra 4.86: HRMS Spectra for the compound 4m. 

4.3.1.29. Preparation of N-(5-(2-butylhydrazine-1-carbonyl)pyrazin-2-yl)-1H-indole-5-
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carboxamide (3n) 

5-amino-N'-butylpyrazine-2-carbohydrazide (3l) (100 mg, 0.477 mmol) was dissolved in 5 

mL of dry DCM and to these 2 equivalents of pyridine (76.99 μL, 1.43 mmol) was added 

at 0 °C. To this, 1-ethyl-3-(3- dimethylaminopropyl) carbodiimide hydrochloride (EDCI, 

183.23 mg, 0.955 mmol), 1-hydroxybenzotriazole (HOBt, 96.86 mg, 0.716 mmol), and 

indole-5-carboxylic acid (92.42 mg, 0.752 mmol) was added and the reaction mixture was 

left for stirring at room temperature overnight. The reaction completion was monitored by 

TLC and once the reaction is complete, the excess solvent was evaporated under a rota 

evaporator. The crude reaction mixture was then dissolved in ethyl acetate and washed with 

water three times and the organic layer was separated. The organic layer containing the 

compound was then dried over anhydrous sodium sulphate and the excess solvent was 

removed under vacuum. The crude reaction mixture was then column purified and the pure 

compound 3n was eluted from the column using 75% ethyl acetate and 25% hexane as 

solvents. The obtained compound 3n in the form of brown powder of about 49% yield. 1H 

NMR (400 MHz, methanol-d4) δ 8.29 (s,1H), 7.73 (s, 1H), 7.56 (s, 1H), 7.37 – 7.39 (d, J = 

8.88 Hz, 1H), 7.13 - 7.23 (m, 2H), 6.32 (s, 1H), 3.67 (m, 2H), 1.58 – 1.65 (m, 2H), 1.30 – 

1.36 (m, 2H), 0.85 – 0.88 (t, J = 6.38 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 174.8, 

165.1, 159.1, 144.2, 141.4, 138.0, 132.6, 128.1, 119.6, 116.6, 112.4, 108.7, 102.6, 54.6, 

30.9, 21.0, 14.3. HRMS (APESI) m/z calcd for C18H20N6O2. [M+H]+: 353.1668; found 

353.1718. 
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Spectra 4.87: 1H NMR Spectra for the compound 3n.   

 

Spectra 4.88: 13C NMR Spectra for compound 3n.   
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Spectra 4.89: HPLC traces of compound 3n. 

 

Spectra 4.90: LC-MS Spectra for the compound 3n.  

  

Spectra 4.91: HRMS Spectra for the compound 3n.   

4.3.1.30. Preparation of N-(5-(2-propylhydrazine-1-carbonyl)pyrazin-2-yl)-1H-indole-5-
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carboxamide (4n) 

Following the synthetic procedure of 3n, starting materials 3l and indole-5-carboxylic acid 

gave 4n as a brown powder in 53% yield. 1H NMR (400 MHz, methanol-d4) δ 8.29 (s, 1H), 

7.73 - 7.76 (m, 1H), 7.56 - 7.58 (m, 1H), 7.36 – 7.38 (m, 1H), 7.19 (s, 1H), 7.17 – 7.18 (m, 

1H), 7.14 - 7.16 (m, 1H), 6.31 – 6.32 (d, J = 2.88 Hz, 1H), 3.62 (m, 2H), 1.60 - 1.69 (m, 

2H), 0.78 – 0.82 (t, J = 7.07 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 174.1, 163.5, 

159.3, 144.4, 136.9, 133.4, 132.7, 128.3, 120.8, 119.8, 112.6, 106.8, 102.9, 54.8, 20.4, 12.0. 

HRMS (APESI) m/z calcd for C17H19N6O2. [M+H]+: 339.1501; found 339.1553. 

 

Spectra 4.92: 1H NMR Spectra for the compound 4n.   
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Spectra 4.93: 13C NMR Spectra for compound 4n.   

 

Spectra 4.94: HPLC traces of compound 4n. 
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Spectra 4.95: LC-MS Spectra for the compound 4n.   

 

Spectra 4.96: HRMS Spectra for the compound 4n.   

4.3.1.31. Preparation of N-(5-(2-butylhydrazine-1-carbonyl)pyrazin-2-yl)quinoline-6-

carboxamide (3o) 

Following the synthetic procedure of 3n, starting materials 3l and quinoline-6-carboxylic 

acid gave 3o as a brown powder in 61% yield. 1H NMR (400 MHz, methanol-d4) δ 8.75 

(br. s., 1H), 8.25 – 8.27 (d, J = 8.38 Hz, 1H), 8.20 (br. s., 1H), 8.07 (s, 1H), 7.83 (br. s., 

2H), 7.68 (br. s., 1H), 7.43 - 7.46 (m, 1H), 3.71 (br. s., 2H), 1.61 – 1.67 (m, 2H), 1.36 – 

1.41 (m, 2H), 0.89 - 0.92 (m, 3H). 13C NMR (101 MHz, methanol-d4) δ 170.1, 161.0, 152.7, 

149.1, 148.6, 144.3, 139.1, 132.6, 131.5, 130.2, 129.7, 128.9, 123.4, 116.3, 109.9, 51.2, 

30.9, 21.3, 14.3. HRMS (APESI) m/z calcd for C19H20N6O2. [M+H]+: 365.1668; found 

365.1711. 
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Spectra 4.97: 1H NMR Spectra for the compound 3o.   

 

Spectra 4.98: 13C NMR Spectra for compound 3o.   
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Spectra 4.99: HPLC traces of compound 3o. 

 

Spectra 4.100: LC-MS Spectra for the compound 3o.   

 

Spectra 4.101: HRMS Spectra for the compound 3o. 

4.3.1.32. Preparation of N-(5-(2-propylhydrazine-1-carbonyl)pyrazin-2-yl)quinoline-6-
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carboxamide (4o) 

Following the synthetic procedure of 3n, starting materials 4l and quinoline-6-carboxylic 

acid gave 4o as a brown powder in 58% yield. 1H NMR (400 MHz, methanol-d4) δ 8.75 

(br. s., 1H), 8.25 – 8.27 (d, J = 8.38 Hz, 1H), 8.20 (br. s., 1H), 8.07 (s, 1H), 7.83 (br. s., 

2H), 7.68 (br. s., 1H), 7.43 - 7.46 (m, 1H), 3.71 (br. s., 2H), 1.36 – 1.41 (m, 2H), 0.89 - 0.92 

(m, 3H). 13C NMR (101 MHz, methanol-d4) δ 170.1, 161.0, 152.7, 149.1, 148.6, 144.3, 

139.1, 132.6, 131.5, 130.2, 129.7, 128.9, 123.4, 116.3, 109.9, 51.2, 21.3, 14.3. HRMS 

(APESI) m/z calcd for C18H18N6O2. [M+H]+: 351.1501; found 351.1557. 

 

Spectra 4.102: 1H NMR Spectra for the compound 4o 
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Spectra 4.103: 13C NMR Spectra for compound 4o 

 

 

Spectra 4.104: HPLC traces of compound 4o. 
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Spectra 4.105: LC-MS Spectra for the compound 4o.  

  

Spectra 4.106: HRMS Spectra for the compound 4o.   

4.3.1.33. Preparation of UF010 

The reference compound UF010 was synthesized in-house as per the reported 

protocol.(Pulya et al., 2022) The percentage yield obtained was 68%. 1H NMR (400 MHz, 

CDCl3) δ 7.55 - 7.62 (m, 4H), 2.89 – 2.93 (t, J = 7.19 Hz, 2H), 1.46 - 1.54 (m, 2H), 1.33 – 

1.42 (m, 2H), 0.90 – 0.93 (t, J = 7.32 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.3, 131.9, 

131.7, 128.4, 126.5, 52.0, 30.1, 20.2, 13.9. HRMS (APESI) m/z calcd for C11H15BrN2O. 

[M+H]+: 271.0368; found 271.0417. 
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Spectra 4.107: 1H NMR Spectra for the compound UF010.   

 

Spectra 4.108: 13C NMR Spectra for compound UF010.   
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Spectra 4.109: HPLC traces of compound UF010. 

 

Spectra 4.110: LC-MS Spectra for the compound UF010.   

 

Spectra 4.111: HRMS Spectra for the compound UF010.   

4.3.2. In vitro cytotoxicity and cell culture studies 

The in vitro cytotoxicity of the final compounds was evaluated in different subtypes of 
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breast cancer cell lines and also over normal human cell lines following the MTT assay 

procedure.(Pulya et al., 2022)  

The MTT assay was performed over a mouse triple-negative breast cancer cell line (4T1), 

human luminal A breast cancer cell line (MCF-7), human triple-negative breast cancer 

(TNBC) cell line (MDA-MB-231), human epidermal growth factor receptor 2+ (HER2+) 

breast cancer cell line (MDA-MB-453) along with three normal human cell lines, human 

breast cell line (MCF-10A), human embryonic kidney (HEK-293) cell line and human 

corneal epithelial cell line (HCEC). All the cell lines were procured from National Centre 

for Cell Science (NCCS, Pune, India). 4T1, MCF-7, MDA-MB-231, MDA-MB-453, MCF-

10A and HEK-293 cell lines were primarily cultured in DMEM (Dulbecco’s modified eagle 

medium, high glucose media: AL007S) and HCEC cell line was primarily cultured in 

DMEM/F-12 (Dulbecco's Modified Eagle Medium /Nutrient Mixture F12 Ham, AT140A, 

DMEM/F-12, 1:1 mixture) enriched with 10% fetal bovine serum (FBS) and 1% antibiotic 

(Pen strep: A001). The cultures were incubated at 37 °C under a 5% CO2 atmosphere during 

the experiment. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], a 

yellow dye was used for determining the cell viability. All the required reagents were 

directly purchased from Himedia Laboratories Pvt. Ltd., Mumbai, India. 

4.3.3. Chemicals and antibodies. 

The DMSO stock solutions at 100 mM concentration of the final compounds were prepared 

and were stored at 4 °C. Histone deacetylase enzyme inhibition assays were carried out 

using HDAC fluorometric drug discovery assay kits such as HDAC1 (BML-AK-511-

0001), HDAC2 (BML-AK-512-0001), HDAC3 (BML-AK-531-0001), HDAC6 (BML-

AK-516-0001), and HDAC8 (BML-AK-518-0001), purchased from Enzo life sciences, 

Delhi and HDAC4 (cat #50064) and HDAC5 (cat #50065) purchased from Bps 

Biosciences, Mumbai. Staining solutions for nuclear staining assay such as DAPI, Acridine 
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Orange and for cell cycle analysis, propidium iodide and RNase were directly purchased 

from Sigma-Aldrich. Apoptosis assay was performed using TACs Annexin-V/FITC – PI 

assay kit that was purchased from Bio-legend. For western blot analysis, the primary and 

secondary antibodies were all purchased from Cell Signalling Technology and the details 

along with catalogue numbers are as follows: rabbit mAb H3K9 acetylated histone H3 

(cat#9649), H4K12 acetylated histone H4 (cat#13944), H3K27 acetylated histone H3 

(cat#4353), alpha- Tubulin K40 acetylated (cat#3971), Caspase-3 (cat#9662), Caspase-7 

(cat#12827), Bcl-2 (cat#3498), EGFR (cat#2132), CD44 (cat#3578), cytochrome c 

(cat#4280), Ki-67 (cat#9129S) and mouse mAb beta-actin primary antibodies (cat#58169) 

and the secondary antibodies – anti-rabbit HRP linked antibody (cat#7074),  and anti-

mouse IgG HRP-Linked antibody (cat#7076). The primary antibody, acetylated SMC3 

(Lys105/106), clone 21A7 (cat#MABE1073) was purchased from Merck Sigma. 

4.3.4. Pan-HDAC inhibition assay 

Pan-HDAC inhibition of the compounds was carried out by using HDAC colorimetric 

assay kit (cat#BML-AK500-0001) containing HeLa nuclear extract and followed the 

protocol reported earlier.(Pulya et al., 2022) To the 96-well plate, 5 μL of HeLa nuclear 

extract, 10 μL of assay buffer, and 10 μL of 5 μM final concentration of the sample solution. 

The addition of 25 μL of the Color de Lys® substrate initiated the reaction and the 

microtiter plate was incubated for 30 min at room temperature. In the end, the reaction was 

terminated using 50 μL of the developer stop solution and the plate was further incubated 

for 15 min at 37°C. The absorbance was measured at 405 nm. The assay was carried out in 

duplicate and the results were analyzed using GraphPad Prism™ version 8.0.1.  

4.3.5. HDAC3/NCOR1 inhibition assay 

HDAC3 enzyme inhibition of the compounds was carried out by using 

HDAC3/NCOR1fluorimetric drug discovery kit (cat#BML-AK531-0001) containing 
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human recombinant HDAC3 enzyme and following the protocol reported earlier.(Pulya et 

al., 2022) The reaction mixture containing 15 μL of diluted HDAC3 complex enzyme 

solution, 10 μL of 1 μM concentration of the sample solution, and 25 μL of the Fluor de 

Lys® substrate solution was added for each sample and the microtiter plate was incubated 

for 15 min at room temperature for the reaction to proceed. Following this step, 50 μL of 

Fluor de Lys® developer II and Trichostatin A stop solution was added the plate was further 

incubated for 45 min at 37 °C. The fluorescence intensity was recorded at 360 nm/ 460 nm 

(excitation/emission) wavelengths. Following the same protocol, the IC50 values were 

determined using the concentration range of 3.9 nM to 1000 nM for 4i in duplicate. 

Analysis was done using the non-linear regression analysis method using GraphPad 

Prism™ version 8.0.1 and the corresponding graphs were plotted.  

4.3.6. HDAC1 inhibition assay 

HDAC1 inhibition of the compounds was carried out by using HDAC1 fluorimetric drug 

discovery kit (cat#BML-AK511-0001) containing recombinant HDAC1 enzyme and 

following the protocol reported earlier.(Pulya et al., 2022) The reaction mixture containing 

15 μL of diluted HDAC1 complex enzyme solution, 10 μL of 1 μM concentration of the 

sample solution, and 25 μL of the Fluor de Lys® substrate solution was added for each 

sample and the microtiter plate was incubated for 15 min at room temperature for the 

reaction to proceed. Following this step, 50 μL of Fluor de Lys® developer II and 

Trichostatin A stop solution was added the plate was further incubated for 45 min at 37 °C. 

The fluorescence intensity was recorded at 360 nm/ 460 nm (excitation/emission) 

wavelengths. Following the same protocol, the IC50 values were determined using the 

concentration range of 0.005 µM to 50 µM for 4i in duplicate. Analysis was done using the 

non-linear regression analysis method using GraphPad Prism™ version 8.0.1 and the 

corresponding graphs were plotted.  
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4.3.7. HDAC2 inhibition assay 

HDAC2 inhibition of the compounds was carried out by using HDAC2 fluorimetric drug 

discovery kit (cat#BML-AK512-0001) containing recombinant HDAC2 enzyme and 

following the protocol reported earlier.(Pulya et al., 2022) The reaction mixture containing 

15 μL of diluted HDAC2 complex enzyme solution, 10 μL of 1 μM concentration of the 

sample solution, and 25 μL of the Fluor de Lys® substrate solution was added for each 

sample and the microtiter plate was incubated for 30 min at room temperature for the 

reaction to proceed. Following this step, 50 μL of Fluor de Lys® developer II and 

Trichostatin A stop solution was added the plate was further incubated for 15 min at 37 °C. 

The fluorescence intensity was recorded at 485 nm/ 530 nm (excitation/emission) 

wavelengths. Following the same protocol, the IC50 values were determined using the 

concentration range of 0.005 µM to 50 µM for 4i in duplicate. Analysis was done using the 

non-linear regression analysis method using GraphPad Prism™ version 8.0.1 and the 

corresponding graphs were plotted. 

4.3.8. HDAC8 inhibition assay 

HDAC8 inhibition of the compounds was carried out by using HDAC8 fluorimetric drug 

discovery kit (cat#BML-AK518-0001) containing recombinant HDAC8 enzyme and 

following the protocol reported earlier.(Pulya et al., 2022) The reaction mixture containing 

15 μL of diluted HDAC8 complex enzyme solution, 10 μL of 1 μM concentration of the 

sample solution, and 25 μL of the Fluor de Lys® substrate solution was added for each 

sample and the microtiter plate was incubated for 15 min at room temperature for the 

reaction to proceed. Following this step, 50 μL of Fluor de Lys® developer II and 

Trichostatin A stop solution was added the plate was further incubated for 45 min at 37 °C. 

The fluorescence intensity was recorded at 360 nm/ 460 nm (excitation/emission) 

wavelengths. Following the same protocol, the IC50 values were determined using the 
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concentration range of 0.005 µM to 125 µM for 4i in duplicate. Analysis was done using 

the non-linear regression analysis method using GraphPad Prism™ version 8.0.1 and the 

corresponding graphs were plotted. 

4.3.9. HDAC6 inhibition assay 

HDAC6 inhibition of the compounds was carried out by using HDAC6 fluorimetric drug 

discovery kit (cat#BML-AK516-0001) containing recombinant HDAC6 enzyme and 

following the protocol reported earlier.(Pulya et al., 2022) The reaction mixture containing 

15 μL of diluted HDAC6 complex enzyme solution, 10 μL of 10 μM concentration of the 

sample solution, and 25 μL of the Fluor de Lys® substrate solution was added for each 

sample and the microtiter plate was incubated for 10 min at room temperature for the 

reaction to proceed. Following this step, 50 μL of Fluor de Lys® developer II and 

Trichostatin A stop solution was added the plate was further incubated for 40 min at 37 °C. 

The fluorescence intensity was recorded at 360 nm/ 460 nm (excitation/emission) 

wavelengths. Following the same protocol, the IC50 values were determined using the 

concentration range of 0.005 µM to 125 µM for 4i in duplicate. Analysis was done using 

the non-linear regression analysis method using GraphPad Prism™ version 8.0.1 and the 

corresponding graphs were plotted.  

4.3.10. HDAC4 inhibition assay 

HDAC4 enzyme inhibition of the compounds was carried out by using HDAC4 fluorogenic 

kit containing recombinant HDAC4 enzyme and following the protocol reported 

earlier.(Pulya et al., 2022) The reaction mixture containing 5 μL of 20 μM substrate 

solution, 5 μL of 1mg/mL BSA solution, 30 μL of HDAC buffer, and 5 μL of 20 μM 

concentration of the sample solution were added and to this 5 μL of HDAC4 enzyme of 

0.012 ng/μL concentration was added to initiate the reaction. The microtiter plate was 

incubated for 30 min at room temperature for the reaction to proceed. Following this step, 
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50 μL of undiluted developer stop solution was added the plate was further incubated for 

15 min at 37 °C. The fluorescence intensity was recorded at 380 nm/ 480 nm 

(excitation/emission) wavelengths. Analysis was done using GraphPad Prism™ version 

8.0.1 and the corresponding graphs were plotted. 

4.3.11. HDAC5 inhibition assay 

HDAC5 inhibition of the compounds was carried out by using HDAC5 fluorogenic kit 

containing recombinant HDAC5 enzyme and following the protocol reported earlier.(Pulya 

et al., 2022) The reaction mixture containing 5 μL of 20 μM substrate solution, 5 μL of 

1mg/mL BSA solution, 30 μL of HDAC buffer, and 5 μL of 20 μM concentration of the 

sample solution were added and to this 5 μL of HDAC5 enzyme of 0.06 ng/μL 

concentration was added to initiate the reaction. The microtiter plate was incubated for 30 

min at room temperature for the reaction to proceed. Following this step, 50 μL of undiluted 

developer stop solution was added the plate was further incubated for 15 min at 37 °C. The 

fluorescence intensity was recorded at 380 nm/ 480 nm (excitation/emission) wavelengths. 

Analysis was done using GraphPad Prism™ version 8.0.1 and the corresponding graphs 

were plotted. 

In vitro cytotoxicity studies 

4.3.12. MTT assay procedure 

MTT assay procedure was followed for determining the in vitro cytotoxicity of the final 

compounds against different subtypes of breast cancer cell lines and their selectivity over 

normal human and breast cell lines. Cells were sub-cultured as per the ATCC protocol in 

their respective complete media and were subsequently seeded in a sterile 96-well plate 

with about 100 μL/well with a cell density of about 1 x 104 cells per well and were incubated 

overnight. The following day, the medium was aspirated and adhered the cells were treated 

with two different concentrations at 10 µM and 100 µM of the DMSO stock of final 
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compounds in 150 μL of the respective media and were incubated for 72 h in the growth 

medium. Post-treatment period, the media was aspirated and to this 50 μL of 5 mg/mL of 

MTT solution in phenol red-free media was added and was incubated for about 3 h for the 

formation of formazan crystals. The MTT solution was removed and to the wells, 150 μL 

of DMSO was added for the dissolution of the formed crystals. The absorbance was 

measured at 570 nm and 650 nm wavelengths. The % cell viability was calculated as 

follows: 

𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒐𝒇 𝒕𝒓𝒆𝒂𝒕𝒆𝒅 𝒄𝒆𝒍𝒍𝒔

𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒐𝒇 𝒖𝒏𝒕𝒓𝒆𝒂𝒕𝒆𝒅 𝒄𝒆𝒍𝒍𝒔
× 𝟏𝟎𝟎 

Similarly, IC50 values of the final compounds were determined using the MTT assay 

procedure described above. Dilutions at different concentrations were prepared from the 

DMSO stock solutions of the compounds in the respective media. The serial dilution 

method was followed and the dilutions were prepared from 200 µM to 0.781 µM 

concentrations with a control solution of 1% DMSO in the respective media. The treatment 

of the cells was carried out using the dilutions and the plate was incubated for 72 h. The % 

cell viability was determined and the obtained results were depicted as the dose-response 

curve for the IC50 analysis using GraphPad Prism™ version 8.0.1.  

In the case of the MCF-10A, HEK-293 and HCEC cell lines, the MTT assay was followed 

the same as previously described.(Pulya et al., 2022) Serial dilution method was followed 

and the dilutions were prepared from 2000 µM to 7.81 µM concentrations with a control 

solution of 1% DMSO in the respective media. The % cell viability was determined and 

the obtained results were depicted as the dose-response curve for the IC50 analysis using 

GraphPad Prism™ version 8.0.1.  

Generation of oxaliplatin-resistant cells and in vitro cytotoxicity study of 4i, UF010 and 

oxaliplatin (internal standard) in MDA-MB-231 sensitive and resistant cells 

Following a low-concentration treatment method,  drug resistance in the MDA-MB-231 
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cells was built by gradually raising the drug concentration with the procedure reported 

previously.(Itoo et al., 2022) Cells were first cultured in T-25 flasks supplemented with 

free oxaliplatin (1 μM). The oxaliplatin concentration was slowly increased to 10 μM for 6 

months of continuous culturing. To determine the chemosensitizing properties of 4i, the 

compounds 4i, UF010, oxaliplatin and a combination of equimolar ratio concentrations of 

4i+oxaliplatin were treated in both WT and OXPtR MDA-MB-231 cells for 72 h following 

MTT assay procedure. The % cell viability was determined and the obtained results were 

depicted as the dose-response curve for the IC50 analysis using GraphPad Prism™ version 

8.0.1.  

4.3.13. Apo-ONE® Homogeneous Caspase-3/7 Assay  

Caspase 3/7 assay was performed using Apo-ONE® Homogeneous Caspase-3/7 Assay kit 

(Promega, USA, catalogue no: G7792) following vendor’s protocol. Briefly, 1×104 4T1 

cells were seeded in 96-well plate and incubated overnight. The following day, cells were 

treated with IC50 concentrations of compound 4i and UF010 in 4T1 cells for 72 h. Apo-

ONE® Homogeneous Caspase-3/7 reagent was prepared by mixing Caspase Substrate Z-

DEVD-R110 (100X) and Apo-ONE® Homogeneous Caspase-3/7 Buffer. After the 

treatment period, the media was aspirated and to this, 100 µL of reagent was added and 

mixed by shaking it on plate shaker for 30 seconds at 300 rpm. Then plate was incubated 

for 40 mins at room temperature and fluorescence intensity was measured at 485 nm 

excitation wavelength and 527 nm emission wavelength using Spectramax M4 (Molecular 

Devices, USA). 

4.3.14. Apoptosis assay 

Apoptosis assay was performed using TACs/ Annexin V kit from Biolegend, US in 4T1 

and MDA-MB-231 cells. A flat-bottomed 12-well plate was taken and 4T1 and MDA-MB-

231 cells were seeded with a cell density of 0.5 million per well and were left overnight for 
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attachment. This was followed by media aspiration and the subsequent treatment with 4i 

and UF010 was carried out at their in vitro IC50 values in 4T1 and MDA-MB-231 cells in 

triplicate for 72 h. In another set of experiment, three different concentrations of the 

compounds 4i and UF010 were taken namely, C1 (lower), C2 (IC50) and C3 (higher) and 

the 4T1 cells were treated as described previously. The cells were then washed twice with 

ice-cold PBS and then trypsinized. Further, the trypsinized cells were collected, centrifuged 

and the obtained cell pellet was again washed with ice-cold PBS and was resuspended in 

100 μL Annexin V reagent freshly prepared that includes 10 μL of 10X binding buffer, 1 

μL of FITC, 10 μL of PI and made up to 100 μL with double distilled water. These samples 

were incubated in dark for 30 min and were further diluted to 500 μL using 400 μL of 1X 

binding buffer. After the incubation, the samples were finally analyzed by flow cytometry 

(BDAriaTM III), BD biosciences. 

4.3.15. Cell cycle analysis 

Cell cycle analysis for the compound 4i and UF010 was carried out by flow cytometry using 

BDAriaTM III, BD biosciences instrument, and the obtained data were analyzed using Flow Jo 

software. For this purpose, 1 million cells per well of 4T1 and MDA-MB-231 were seeded into 

12 well plates and were incubated overnight. The other day, the media was aspirated and to this, 

the required concentrations of 4i and UF010 were added and the treatment was continued up to 

72 h. In another set of experiment, three different concentrations of the compounds 4i and UF010 

were taken namely, C1 (lower), C2 (IC50) and C3 (higher) and the 4T1 cells were treated as 

described previously. After the treatment, the sample wells were washed with ice-cold PBS 

followed by trypsinization and were collected in the form of a cell pellet. The pellet was washed 

twice with ice-cold PBS and the single-cell suspension was obtained by dropwise addition of 

70% ice-cold ethanol by gentle vortexing. The fixed cells were left at -20 °C overnight. 

Subsequently, the samples were centrifuged and the cell pellet thus obtained was resuspended in 
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500 μL of the staining solution prepared by 20% w/v RNase, 2% w/v PI in about 0.1% v/v of 

triton X 100 solution in PBS. The dissolved samples were incubated for 30 min in dark at room 

temperature and were subsequently analyzed by flow cytometry in BDAriaTM III, BD 

biosciences. The data were plotted in the form of a dot plot with PI width vs PI area on the X-

axis and Y-axis respectively. The % population of DNA was analyzed from the histogram that 

was plotted with PI area vs count on X-axis and Y-axis respectively. The data were analyzed 

using Flow Jo_V10.7.1_CL software to measure the percentage of cells in each cell cycle phase.   

4.3.16. Nuclear staining assay 

Nuclear staining assay was performed with the lead compound 4i and the reference 

compound UF010 in 4T1 and MDA-MB-231 cells to determine the extent of disintegration 

of the cancer cells. Flat-bottomed 12 well plates were seeded with 4T1 and MDA-MB-231 

cells and left overnight for attachment, followed by media aspiration and treatment with 

control of 1% DMSO solution, 4i and UF010 as per their in vitro IC50 concentrations in 

the respective cell lines. Post-treatment, the 12-well plate was incubated for 72 h. The cells 

were fixed by using a 4% paraformaldehyde solution and then subsequently stained with 

DAPI and acridine orange. The extent of nuclear staining was visualized under a Laser 

Scanning Confocal Microscope (LSCM) DMI8 (Leica microsystems, Germany) on 63x 

Magnification. The quantification of the % apoptosis was done using Image J software. 

Significance was analyzed using one-way ANOVA analysis and the graph was plotted in 

GraphPad Prism™ version 8.0.1. 

4.3.17. In vitro metabolic stability study using rat liver microsomes 

The incubation mixtures were prepared and conducted in duplicates in freshly prepared 50 

mM potassium phosphate buffer (pH 7.4) in Eppendorf. Firstly, to study NaDPH dependant 

oxidative metabolism, 25 μL of compound 4i and propranolol (internal standard) were 

taken and to this 55 μL of pooled rat liver microsomal solution prepared in potassium 
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phosphate buffer at a concentration of 0.5 mg/mL was added, and further incubated for 5 

min at 37 °C. Further, the reaction was initiated by adding 20 μL of NADPH solution 

prepared to a final assy concentration of 1 mM in buffer was added to all the samples at 

different predetermined time points of 5 min, 15 min, 30 min, and 60 min except to the 0 

min sample and were incubated at 37 °C for the designated time. In the case of 0 min, time 

point sample, the stopping solution ice-cold methanol containing internal standard was 

added followed by NADPH solution, and the reaction was terminated. For all the other 

samples, after the reaction periods, the reaction was stopped using 100 μL ice-cold 

methanol. Further, the samples were centrifuged at 13000 rpm for 10 min and the 

supernatant was collected and subjected to HPLC analysis. Data analysis was done using 

GraphPad Prism™ version 8.0.1 software. The degradation half-life (t 1/2) for the 

microsomal stability studies was calculated using the equation: t 1/2=0.693/k, where k is 

the first-order elimination rate constant. The elimination rate constant (k) was estimated by 

one-phase exponential decay using nonlinear regression analysis of the degradation time 

course data in GraphPad Prism™ version 8.0.1. The graph was plotted with time (min) on 

the X-axis and concentration of the compound (µg/mL) on the Y-axis. Intrinsic clearance 

(Clint, μL/min/mg) was calculated using the equation: Clint = V*0.693/t1/2. [where V = 

volume of incubation (μL)/ microsomal mass (mg)]. 

4.3.18. Animals 

The in vivo experiments were conducted following the CPCSEA guidelines of the protocol 

approval number (BITS-Hyd/IAEC/2021/26) approved by IAEC (Institutional animal 

ethics committee), Department of Pharmacy, BITS Pilani, Hyderabad campus, Hyderabad. 

Regarding the in vivo pharmacokinetic study, we have procured male Wistar rats of weight 

~220 d of about 7 – 8 weeks age-old. For the in vivo tumor xenograft mice model study, 

we have purchased female Balb/c mice of weight 20 – 22 g of about 6 – 8 weeks age-old 



Chapter 4: Pyrazino hydrazides as HDAC3 selective inhibitors 

[262] 

 

from the National Centre for Laboratory Animal Sciences, National Institute of Nutrition 

(Hyderabad, India). Once received all the animals were housed and separated into groups 

and kept in cages as per the experimental requirements. These cages were kept in the animal 

house in the department with the room temperature and conditions maintained at 23±2 °C 

and at 60±10% relative humidity in a 12 h light/ 12 h dark cycle. All the animals were taken 

proper care of by providing them with standard food and water. 

In vivo biological evaluation 

4.3.19. Pharmacokinetic study 

The pharmacokinetic study was carried out using 5 mg/kg and 15 mg/kg of 4i and 15 mg/kg 

of UF010 in 12 male Wistar rats, each grouped into 3 mice per group into 4 groups 

including the control. The intraperitoneal administration of control (5% DMSO in saline), 

4i (20 mg/mL), and UF010 (20 mg/mL) solution in saline containing 5% DMSO was 

carried out. At different pre-determined time points of pre-dose, 0.25 h, 0.5 h, 1 h, 2 h, 4 h, 

6 h, 8 h, 12 h, and 24 h about 500 μL of blood samples were collected from the retro-orbital 

plexus of the rats under anesthetic conditions. The blood samples were collected and 

centrifuged and the supernatant plasma was taken and stored at -20 °C for further analysis. 

This was followed by the protein precipitation method using methanol, and the compound 

solutions 4i and UF010 were extracted from the plasma and subsequently analyzed by 

HPLC Shimadzu. The linear trapezoidal rule was used for the calculation of the area under 

the concentration and time curve (AUC values). Non-compartmental analysis was used to 

obtain the pk parameters. The clearance was estimated as CL=Dose/AUCinf; 

MRT=AUMCinf/AUCinf. Data obtained represents the mean ± standard deviation of the 

mean for n = 3.  

4.3.20. In vivo antitumor activity by the 4T1-Luc xenograft mouse model 

For the in vivo animal study experiment, 4T1-Luc cells were cultured in RPMI media as 
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per ATCC guidelines. After 3 days of purchasing animals, they were inoculated 

subcutaneously with 1.0 million cells suspended in 100 µL of sterile PBS into the dorsal 

flank region of the female Balb/c mice for tumor implantation.  After 8 days post-injection 

of the cells, tumors sign was observed. Using a digital vernier caliper, tumor volume was 

measured and calculated as tumor volume = [(length × width2)÷ 2]. Once the tumor 

volume reached 50 mm3, treatment was initiated. 48 animals were divided into 4 groups, 

12 mice in each group treated with Control, UF010 (reference compound-15 mg/kg), 4i (5 

mg/kg), and 4i (15 mg/kg). The formulation to be injected was prepared by dissolving 

UF010 and 4i in 5% DMSO, 20% PEG and 75% saline at their respective doses. Treatment 

was given to animals once every 3 days (0, 3, 6, 9, 12, 15, 18, 21) for 21 days, and 4 groups 

of mice were treated with vehicle alone, 75 µL of UF010 at 15mg/kg dose, and 75 µL and 

62.5 µL of 4i at 15 mg/kg and 5 mg/kg dose respectively. Body weights and tumor volumes 

were recorded every alternate day. Tumor weights were measured on the 7th day and 14th 

day by sacrificing 3 mice from each group, and %Tumor Growth Inhibition was calculated 

using %Tumor Growth Inhibition = [1 - (MTW of treated ÷ MTW of Control)] *100. At 

the end of the experiment, the remaining 4 mice were sacrificed, and the tumors were 

removed and weighed. 

4.3.21. Bioluminescence image analysis in the treated 4T1-Luc tumor xenograft mice 

The growth of the tumors was monitored periodically by in vivo imaging technique using 

IVIS® Lumina III, PerkinElmer, USA, to carry out bioluminescence analysis. To 

anesthetize the mice, they were placed in the induction chamber with the flow of O2 and 

2% isoflurane continuously. Subsequently, Luciferin D (50 µL, 150 mg/kg dissolved in 

sterile PBS) was injected intraperitoneally. Mice were then placed inside the imaging 

facility after 2 min. Four from each group of mice were selected randomly and were 

monitored for tumor growth on days 5, 10, 15, and day 21 of the treatment period and the 
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images were acquired. Around the tumor area, the region of interest was selected and the 

bioluminescence signals were analyzed in the units of photons/sec/cm2/sr (maximum 

photons per second per centimeter square per steradian).  

At the end of the study, the mice were sacrificed and tumors along with the major organs 

were isolated for further study and were stored at -80 °C in tissue freezing media. The tumor 

tissue was lysed using ice-cold 1X RIPA lysis buffer, 0.5 mM PMSF, and protease inhibitor 

and stored at -80 °C for western blot analysis. Using cryotome (Leica Biosystems, 

Germany), the isolated tumors of all groups were sectioned into 5 μm thicknesses. These 

tumor and organ tissue sections were further used for immunohistochemical analysis. 

4.3.22. Evaluation of reactive oxygen species (ROS) generation in vivo 

DCFH-DA probe was used for the evaluation of ROS generation. Mice were anesthetized 

(n = 4) and DCFH-DA (50 μL, 25 μM) was injected intratumorally on day 21 of the 

treatment. Images were obtained with IVIS® Lumina III, PerkinElmer, USA. By selecting 

the region of interest, the fluorescence intensity [(p/sec/cm2/sr)/µW/cm2] was quantified. 

After 30 min, the tumors were surgically isolated and the tumor sections were observed 

using a fluorescence microscope under the FITC channel (ex/em = 495/519 nm). The 

fluorescence intensities were evaluated and compared using Image J software.  

4.3.23. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 

on tumor tissue sections 

The frozen tumor sections in the OCT media were cryo-sectioned to a thickness of 4 µm 

using a cryotome (Leica Biosystems, Germany). The assay was conducted according to the 

procedure previously described.(Pulya et al., 2022) Accordingly, the tumor tissues were 

stored at 37 ºC, along with the terminal deoxynucleotidyl transferase (TdT) enzyme, for 1 

h. To the fixed tissue slides, the TUNEL reaction mixture was added and kept in the dark, 

humid environment at 37 ºC for another hour. Further, it was washed thrice using 1X PBS 
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and stained using DAPI for 5 min. The slides were imaged under the fluorescence 

microscope. Image J software was used to process and analyze the obtained images. 

4.3.24. Ki-67 staining of the tumor cryosections 

Immunohistochemical analysis of the tumor sections was carried out by utilizing the 

biomarker Ki-67 to examine cell proliferation. The tissue sections were fixed with 4% 

paraformaldehyde onto the slides and were blocked for 1 h. The primary antibody of Ki-67 

with a dilution of 1: 500 was used for incubation at 4 °C. The tumor sections were washed 

with 1X PBS, after overnight incubation and were further incubated with a secondary 

antibody for 2 h at 25 °C in dark. The tissue sections were washed with 1X PBS twice, and 

the coverslip was placed onto the sections. The results depict the extent of proliferation 

indicated by Ki-67 positively stained cells by fluorescence microscopy.  

4.3.25. Histological evaluation of the tumor cryosections by H&E staining assay 

The immunohistochemical examination of various organ sections and tumor sections was 

carried out in accordance with the procedure described.(Pulya et al., 2022) Briefly, tissue 

sections of 4 μm thickness were fixed on glass slides and treated with xylene and ethyl 

alcohol (100 % - 30 %), followed by washing with 1X PBS and water. Hematoxylin and 

eosin were used to stain the nuclei and cytoplasm, respectively. The tissue sections were 

then dehydrated using ethyl alcohol (30 % -100 %), followed by a xylene wash. The 

sections were finally fixed using mounting media and visualized with 10X magnification 

under a fluorescent microscope. 

4.3.26. Study of lung metastasis 

After the treatment period, the mice were anesthetized using ketamine/xylazine; the tumor 

was surgically removed and weighed. The animals were revived and monitored for 7 days, 

post-surgery. On day 7, the mice were imaged using intraperitoneally injected Luciferin D 

(50 µL, 150 mg/kg dissolved in sterile PBS). Further, the mice were sacrificed and the lungs 
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were excised, weighed, and observed for metastasis. Images were obtained with IVIS® 

Lumina III, PerkinElmer, USA.  

4.3.27. Western blot analysis of various biomarkers in vitro and in vivo 

For the western blot analysis in vitro, the 4T1 cells were plated in a flat-bottomed 12 -well 

plate and they were subsequently treated with 1 μM concentrations of 4i, UF010, BG-45 

and SAHA. Further for another set of experiment, the plated 4T1 cells were treated with 4i 

and UF010 at 500 nM and 2 μM concentrations. For the western blot analysis in vivo, 6 mg 

of the tumor tissue from the treated mice from all groups including control. After the 

treatment in vitro, the cells and in vivo, the tumor tissue was homogenized with 100 μL 1X 

RIPA lysis buffer (Millipore, Billerica, MA, USA), supplemented with 0.5 mM 

phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor. Protein quantification was 

done using the DC protein assay reagents (#5000116). 20 μL (10 µg) of tumor proteins 

with 5X loading buffer (5 μL) were denatured at 95 °C for 5 min. The denatured proteins 

were then separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Gels 

were transferred to the polyvinylidene fluoride membranes (Bio-Rad, Laboratories, Inc.) 

and using 5% bovine serum albumin (#9048-46-8, Himedia Laboratories Pvt. Ltd) in tris-

buffered saline with 1% Tween 20 (TBST), the membranes were blocked and incubated 

overnight at 4°C with Rabbit mAb H3K9 acetylated histone H3 (#9649S), Rabbit mAb 

H3K27 acetylated histone H3 (#8173), H4K12 acetylated histone H4 (#13944S), alpha- 

Tubulin K40 acetylated (cat#3971), acetylated SMC3 (Lys105/106), clone 21A7 

(cat#MABE1073), Caspase-3 (cat#9662), Caspase-7 (#12827), Bcl-2 (#3498), EGFR 

(#2132), CD44 (#3578), Cytochrome c (#4280), Ki-67 (#9129) and Mouse mAb beta-Actin 

(#3700) as an internal control and primary antibodies (Cell Signalling Technology, Inc.). 

The following day, the membranes were washed twice with TBST and were further 

incubated with the corresponding secondary antibodies of anti-rabbit HRP linked antibody 



Chapter 4: Pyrazino hydrazides as HDAC3 selective inhibitors 

[267] 

 

(cat#7074), and anti-mouse IgG HRP-Linked antibody (cat#7076) for 1 h at room 

temperature. After the secondary antibody incubation, the membranes were washed twice 

with TBST for 10 min each and were detected using a chemiluminescence kit (cat#170-

5060, Bio-Rad, Laboratories, Inc.), for visualization and were exposed using a Fusion plus 

6 Imaging System (Vilber Lourmat, France). The blots were quantified using Image J 

software and the graphs were plotted using GraphPad Prism™ version 8.0.1. software.  

4.3.28. Statistical analysis 

All the experiments were performed in triplicates, and data were represented as mean±SD 

(mean ± standard deviation). One-way ANOVA and student’s t-test were performed using 

GraphPad Prism™ version 8.0.1. software between the groups to determine the 

significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, significantly different 

from the control group and these were all considered statistically significant. 

4.3.29. Molecular docking analysis 

To know the binding mode of interactions of these compounds, all these molecules were 

docked into the X-ray crystallographic structures of the HDAC isoforms (i.e., HDAC1, 

HDAC2, HDAC3, HDAC6, and HDAC8) as per our earlier reported protocol(Pulya et al., 

2022) All these X-ray crystallographic data were obtained from the Protein Data 

Bank.(Bank, n.d.) Here, for the molecular docking study, the GLIDE module of the 

Schrodinger Maestro v12.1 software was utilized.(“Schrçdinger Suite, Schrçdinger, LLC, 

New York, USA, 2019. http://www.schrodinger.com/glide.,” n.d.) Initially, the ‘Protein 

Preparation Wizard’ of the Maestro v12.1 software(“Schrçdinger Suite, Schrçdinger, LLC, 

New York, USA, 2019. http://www.schrodinger.com/glide.,” n.d.) was used for the 

optimization and preparation of these HDACs including the addition of missing hydrogen 

atoms, generation of states, and refinement.(Pulya et al., 2022; “Schrçdinger Suite, 

Schrçdinger, LLC, New York, USA, 2019. http://www.schrodinger.com/glide.,” n.d.) In 
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this protein preparation process, the OPLS_2005 force field was used for the restrained 

minimization of the proteins. After the protein preparation, the ‘Receptor Grid Generation’ 

module from Maestro v12.1 was used to locate the active site and to prepare the receptor 

grid for molecular docking analysis.(Pulya et al., 2022) The hydrazide molecules were 

prepared with the help of the ‘Ligprep’ module of Maestro v12.1 using the OPLS_2005 

force field. Finally, the molecular docking was executed with the extra precision (XP) 

method using the GLIDE module.(Pulya et al., 2022; “Schrçdinger Suite, Schrçdinger, 

LLC, New York, USA, 2019. http://www.schrodinger.com/glide.,” n.d.) The post-docking 

results produced different docking poses of these compounds with different docking scores. 

These docked conformations were studied and ranked depending on their docking scores 

and binding interactions at the active site of these HDACs.(Pulya et al., 2022) 

4.4. CONCLUSION 

Breast cancer is the most common cancer among women worldwide and TNBC accounts 

for about 15 – 20% of breast cancer types. TNBC is one of the most aggressive breast 

cancer types with chemotherapy as the only choice of treatment. Hence, targeted and 

efficient therapy for TNBC is the need of the hour for better prognosis and improving the 

survival rates of the patients. Especially, HDAC3 is one of the most promising targets for 

breast cancer therapy due to its abnormal expression in TNBC. Thus, developing highly 

selective and potent HDAC3is might offer an alternative strategy for TNBC therapeutics. 

In this work, we have developed a series of novel pyrazino-hydrazide scaffold containing 

highly potent and selective HDAC3 inhibitors with the lead compound 4i exhibiting potent 

antitumor efficacy in vitro and in vivo. We have designed this novel chemotype containing 

pyrazine as the linker scaffold with various aryl, heteroaryl or heteroaroyl substituents at 

the para-amino group of the pyrazine moiety employing the hybrid structure strategy from 

the previous lead compounds of our group. Among the series, 4i was identified as the lead 
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compound inhibiting HDAC3 at IC50 = 14 nM with a minimum of 120-fold and 1500-fold 

selectivity over other class I HDAC isoforms and representative class II HDACs 

respectively. Significant cytotoxicity was exhibited by all the compounds against various 

subtypes of breast cancer cell lines and the highest potency was demonstrated against 4T1 

and MDA-MB-231 cells in vitro. All the compounds were also prominently selective 

towards breast cancer cell lines over normal human cell lines including breast cells tested. 

4i also demonstrated the highest potency with 550 nM and 741 nM IC50 values against 4T1 

and MDA-MB-231 cells respectively with more than 286-fold selectivity over HEK-293 

and HCEC cell lines tested and 385-fold selectivity over MCF-10A cells. 4i induced 63.5% 

of total apoptosis and caused G2/M phase arrest in the TNBC cell lines tested in vitro. For 

the first time, a hydrazide-based HDAC3 inhibitor was tested against a chemoresistant 

MDA-MB-231 cell line and interestingly, 4i has retained its in vitro cytotoxicity suggesting 

a possible therapeutic strategy for chemoresistant TNBC. 4i exhibited good metabolic 

stability with a t1/2 value of 38.33 min when studied in rat liver microsomes and this was 

also well reflected with a t1/2 value of 7.20 h in the in vivo pharmacokinetic analysis, when 

4i was intraperitoneally administered at 5 mg/kg and 15 mg/kg. Excellent in vivo antitumor 

potential was exhibited by 4i at both the doses tested (5 mg/kg and 15 mg/kg) in the 4T1-

Luc tumor bearing mouse model. Significant reduction in the growth of tumor volume and 

about 97.92% of tumor growth inhibition rate percentage was exhibited by 4i at 15 mg/kg 

dose when treated with only 7 doses once in every 3 days for a treatment period of 21 days. 

4i also exhibited good biosafety as evidenced by the stable body weight of mice all through 

the treatment period and histological staining of the major organs isolated from the mice 

post-treatment period. Significant apoptotic activity induced by 4i treatment was seen in 

vivo mediated by reactive oxygen species generation which was further evidenced by the 

upregulation of apoptotic proteins caspase-3, caspase-7, cytochrome c, and the 
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downregulation of Bcl-2. Furthermore, the reduced metastatic potential of 4T1-Luc tumors 

was demonstrated in the 4i treated mice with fewer tumor nodules in the lungs supported 

by the downregulation of CD44, a surface adhesion marker in tumor cells. The 

immunohistochemical analysis of the treated tissue samples with Ki-67 indicated 

significant antiproliferative activity also indicated by the downregulation of EGFR and Ki-

67 through western blot analysis. Overall, we could identify a potent HDAC3 selective 

drug-able inhibitor 4i as a promising therapeutic for the treatment of TNBC with excellent 

in vitro and in vivo therapeutic properties and it might also offer a perspective in the 

treatment of chemoresistant therapies of triple-negative breast cancer.  
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Cancer is one of the leading causes of death worldwide and the growing incidence of 

cancer has urged the researchers across the globe to identify a promising treatment for cancer. 

Epigenetic alterations leading to the changes in the gene expression is one of the key research 

areas with wide applicability in developing precision therapeutics for different life-

threatening diseases including cancer. Cancer is a complex disease that is characterised by 

various signalling pathways and can readily develop drug resistance, mostly due to both 

genetic and epigenetic factors contributing to its pathogenesis and progression. Histone 

deacetylases (HDACs), one of the key epigenetic enzymes has become an attractive 

therapeutic target, due to its overexpression in at various stages of cancer progression. In the 

recent past, epigenetic drug discovery, particularly histone deacetylase inhibitors (HDACis), 

targeting HDACs has shown some promising anticancer activity and six HDACis are 

currently in the clinic against different haematological cancers. Since then, various HDACis 

have been studied clinically and preclinically either alone or in combination with other 

anticancer drugs against different cancers. Most of the HDACis are non-selective towards 

different HDAC isoforms, thus causing severe side-effects, dose-related toxicities and in 

some cases death of the patients during clinical trials. Therefore, the discovery of isoform-

selective HDACis is the most sought-after challenge as selectively inhibiting individual 

isoforms might reduce the off-target effects thus improving their overall clinical outcome.  

The thesis aimed at identifying isoform specific HDACis, in particular HDAC3is 

with improved potency and selectivity as promising anticancer agents. In this direction, we 

have developed some potent small molecule HDAC3 selective inhibitors including novel 

chemotypes of benzoyl and pyrazino linked hydrazides with improved pharmacokinetic 

profile and promising antitumor efficacy in vivo in 4T1-Luc tumor xenograft mouse model.  
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As discussed in chapter 3, our first objective included the design and synthesis of 

some novel small molecule benzoyl hydrazides with different acetyl, aryl or aroyl 

substituents in the cap region as potent and selective HDAC3is. Compound 4e was 

identified as the lead molecule with 15.41 nM HDAC3 IC50 and more than 18-fold HDAC3 

isoform selectivity over other class I HDACs and more than 3000-fold selectivity over 

HDAC4, HDAC5 and HDAC6. All the compounds were significantly cytotoxic against 

different cancer cell lines such as 4T1, B16F10, MCF-7, A549 and were significantly less 

toxic against the normal cell lines such as HEK-293, HCEC and Raw 264.7. 4e exhibited 

the highest potency against 4T1 cells with 1.92 µM IC50 and over 80-fold selectivity for 

cancer cells over normal cells. Moreover, the in vivo pharmacokinetic study of compound 

4e in male wistar rats revealed the t1/2 of 2.19 h and 2.62 h when tested intravenously and 

with the t1/2 of 3.41 h and 4.54 h when tested intraperitoneally with 15 mg/kg and 25 mg/kg 

body weight dose respectively, thus demonstrating an improved pharmacokinetic profile. 

We, for the first time studied the in vivo antitumor efficacy in 4T1-Luc tumor xenograft 

mouse model in female Balb/c mice for selective HDAC3 inhibitors with hydrazide as 

ZBG.  The lead compound 4e has exhibited promising antitumor activity in vivo at 15 

mg/kg and 25 mg/kg after 21 days of treatment (5 days/week). The significant reduction in 

the tumor volume with no general toxicity in the major organs was noted during the 

treatment period. Enhanced acetylation levels on H3K9 and H4K12 residues were found 

both in vitro and in vivo experiments upon treatment with 4e. 4e treatment induced 

significant apoptosis and reduced the proliferation and metastasis as evidenced by the 

western blot analysis of the treated tumor tissue. The cell cycle arrest at G2/M phase in 4T1 

cells suggested the programmed cell death mechanism leading to apoptosis. Further, 

apoptotic activity was visualised by performing immunohistochemical analysis by TUNEL 

assay and ROS generation assay. Altogether, our aim to identify benzoyl hydrazide based 
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HDAC3 selective inhibitors with potent anticancer activity has resulted in the identification 

of compound 4e as the lead molecule to be developed into a promising compound for 

anticancer therapy in future.  

 

Figure 5.1. Structure of the lead compound 4e from the series of benzoyl 

hydrazides as HDAC3 selective inhibitors. (Chapter 3) 

Further, in our second objective discussed in chapter 4, we have successfully 

designed and developed a series of pyrazino-hydrazide based small molecules with 

modified cap groups as novel chemotypes of HDAC selective inhibitors. These compounds 

incorporated pyrazine as the linker scaffold with hydrazide as ZBG, with various aryl or 

heteroaryl or heteroaroyl substituents at the para-amino group of pyrazine moiety 

employing the hybrid structure strategy from previous lead compounds of our group. The 

lead compound 4i has demonstrated significant potency and excellent selectivity against 

HDAC3 over other HDAC isoforms tested with HDAC3 IC50 at 14 nM exhibiting about 

120-fold and 1500-fold selectivity over other class I HDAC isoforms and representative 

class II HDACs respectively. As HDAC3 is one of the most promising targets of breast 

cancer, we tested these series of compounds against different subtypes of breast cancer cell 

lines for their cytotoxicity evaluation in vitro. Notably, all the compounds exhibited potent 

cytotoxicity against 4T1 and MDA-MB-231 breast cancer cells and among those the lead 

compound, 4i has exhibited about 550 nM and 741 nM IC50 respectively with more than 

286-fold selectivity over HEK-293 and HCEC cell lines. 4i induced more than 50% of total 

apoptosis and caused G2/M cell cycle arrest in 4T1 and MDA-MB-cell lines in vitro. 

Further, 4i has displayed good metabolic stability with a t1/2 value of 38.33 min when 

studied in rat liver microsomes and also a t1/2 of 7.2 h in the in vivo pharmacokinetic 
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analysis, where 4i was intraperitoneally administered at 5 mg/kg and 15 mg/kg. It is 

noteworthy, that 4i has retained its cytotoxicity in the oxaliplatin resistant MDA-MB-231 

cells and also demonstrated its chemosensitizing properties by improving the cytotoxicity 

profile of the oxaliplatin when treated in combination. When treated in vivo, 4i displayed 

excellent therapeutic efficacy in 4T1-Luc tumor xenograft mouse model in female Balb/c 

mice with about 97.92% of tumor growth inhibition rate at 15 mg/kg dose with a much 

shorter dosage regimen of 7 doses, once every 3 days for a treatment period of 21 days. The 

therapeutic efficacy of 4i in vivo can be attributed to the apoptotic mechanism mediated by 

ROS generation and also due to modulation of pro-apoptotic and anti-apoptotic proteins 

which was demonstrated by western blot analysis. The reduced metastatic potential of the 

tumors in vivo along with the decreased proliferative activity upon treatment has further 

suggested the excellent potential of 4i as anti-breast cancer therapeutic. This study 

described in chapter 4, identified 4i, as a potent and selective HDAC3 inhibitor consisting 

of pyrazino-hydrazide scaffold as the novel chemotype with excellent in vitro and in vivo 

antitumor potential for the treatment of triple-negative breast cancer and the results 

obtained also suggested a perspective to explore the HDAC3 inhibitor, 4i towards the 

treatment of chemoresistant therapies in case of breast cancer. 

 

Figure 5.2. Structure of the lead compound 4i from the series of pyrazino 

hydrazides as HDAC3 selective inhibitors. (Chapter 4)
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The role of epigenetics in cancer has been well established and the over expression 

of histone deacetylases (HDACs) has been characterised in the pathogenesis of different 

cancers. The role of histone deacetylase inhibitors (HDACis) in the treatment of different 

cancers has been explored with six of them being clinically approved for the treatment of 

different haematological cancers by FDA. Even though, HDACis have shown great 

potential as anticancer agents, still there is a lot of room for clinical optimisation as there 

is no HDACi approved since a decade as an anticancer therapeutic. Although, several 

HDACis have been tested preclinically and clinically, none of them have displayed 

promising clinical outcome due to their non-selectivity against different HDAC isoforms 

leading to off-target affects, severe dose limiting toxicities and poor pharmacokinetic 

profile. Also, the exact role and biological functions of HDACs is still not clear, and 

therefore, isoform selective HDACis with target specific activity might deliver promising 

therapeutic effects than non-selective HDACis. Since past decade numerous HDACis with 

modifications on different pharmacophoric regions have been carried out to enhance the 

potency and selectivity towards specific HDAC isoforms.  

 In this work, we have designed and developed molecules with nanomolar potency 

and selectivity towards HDAC3 isoform. The structure activity relationship information 

and the detailed in vitro, in vivo biological evaluation data can provide valuable insights 

for future development of these molecules. These molecules can be further studied for their 

specific mechanism of action and pathway elucidation by performing detailed 

pharmacological evaluation. Further, structural modifications can be performed to enhance 

their potency and antitumor efficacy. With the encouraging preliminary results of these 

molecules, they can be further explored in the development of multi-functional hybrid 

anticancer drug conjugates as well as in combination with other anticancer drugs. These  
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molecules can be also developed by employing various drug delivery systems, thus 

enhancing their target specific delivery.  

 Altogether, these HDAC3 selective inhibitor leads have larger scope to be developed 

into anticancer therapeutics with greater capacity to be translated into the clinic in the near 

future. 
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