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1  |  INTRODUCTION

Natural compounds display a plethora of amazing biolog-
ical properties (Carullo et  al.,  2022; Pozzetti et  al.,  2022; 
Spizzirri et al., 2019). Among them, phenolic, hydroxycin-
namic, and benzoic acids (general structure 1, Figure 1) have 
been strongly investigated, and their role in both disease 
prevention and therapy has been extensively demonstrated 

(Carullo, Ahmed, et al., 2020; Carullo et al., 2021; Carullo, 
Governa, et  al.,  2019; Carullo, Perri, et  al.,  2019; Heleno 
et  al.,  2015; Mazzotta et  al.,  2021; Spizzirri et  al.,  2019). 
Phenolic and cinnamic acid derivatives are more efficient 
antioxidant agents than their benzoic analogs due to the 
resonance stabilization of the double bond, while relative 
to aromatic substitution, the antioxidant efficiency inside 
the class (benzoic or cinnamic) is p- hydroxydimethoxy > 
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Abstract
Cinnamic acid and its derivatives represent attractive building blocks for the 
development of pharmacological tools. A series of piperoniloyl and cinnamoyl- 
based amides (6- 9 a- f) have been synthesized and assayed against a wide panel 
of colorectal cancer (CRC) cells, with the aim of finding promising anticancer 
agents. Among all twenty- four synthesized molecules, 7a, 7e- f, 9c, and 9f dis-
played the best antiproliferative activity. The induced G1 cell cycle arrest and the 
increase in apoptotic cell death was seen in FACS analysis and western Blotting 
in the colon tumor cell lines HCT116, SW480, LoVo, and HT29, but not in the 
nontumor cell line HCEC. In particular, 9f overcame the resistance of HT29 cells, 
which have a mutant p53 and BRAF. Furthermore, 9f, amide of piperonilic acid 
with the 3,4- dichlorobenzyl substituent upregulated p21, which is involved in cell 
cycle arrest as well as in apoptosis induction. Cinnamic acid derivatives might be 
potential anticancer compounds, useful for the development of promising anti- 
CRC agents.

K E Y W O R D S

amides, apoptosis, cell cycle, cinnamic acid, colorectal cancer, p21, piperonylic acid

https://doi.org/10.1111/cbdd.14415
www.wileyonlinelibrary.com/journal/cbdd
https://orcid.org/0000-0002-8313-2417
https://orcid.org/0000-0001-5387-4906
https://orcid.org/0000-0003-0029-7003
mailto:
https://orcid.org/0000-0002-1619-3295
https://orcid.org/0000-0003-1089-2439
https://orcid.org/0000-0002-8471-0880
https://orcid.org/0000-0003-0482-531X
https://orcid.org/0000-0001-5295-9529
https://orcid.org/0000-0001-6846-5582
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gabriele.carullo@unisi.it
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fcbdd.14415&domain=pdf&date_stamp=2023-12-18


2 of 11 |   FALBO et al.

dihydroxy > p- hydroxymethoxy > p- hydroxy. Furthermore, 
the catechol moiety and the number of methoxy groups 
improve the antioxidant activity (Carullo et al., 2023), and 
sinapic acid is six times more efficient than Trolox® with 
respect to other benzoic acids (Natella et al., 1999).

In general, the key feature for the biological activity of 
these compounds is usually represented by the methoxy 
phenol moiety responsible for their antioxidant activity, 
anti- inflammatory activity, and antiproliferative activ-
ity (Nazir et al., 2020, 2022). 3,4,5- Trimethoxycinnamic 
acid esters and amide derivatives, which are widely dis-
tributed in natural products, are privileged structural 
scaffolds in drug discovery, and consequently, many 
chemical modifications have been carried out to im-
prove drug- like properties and bioactive behavior (Zhao 
et al., 2019).

Pharmacological agents containing gallic acid in 
their structure exert different therapeutic activities, 
including antioxidant, anticancer, antimicrobial, chon-
droprotective, and antidiabetic activities, making this 
nucleus an attractive scaffold for the development of 
new pharmacological agents (Zahrani et  al.,  2020). 
Notably, many phenolic compounds are non- nucleoside 
inhibitors, leading to apoptosis of cancer cells and inter-
fering with chromatin structure and functions (Federico 
et  al.,  2022; Hazafa et  al.,  2022). Furthermore, other 

phenolic/cinnamic derivatives interfere with the expres-
sion of different genes, often overexpressed in colorec-
tal cancer (CRC) (Garmpis et al., 2021; Lee et al., 2022; 
Relitti et al., 2020; Saraswati et al., 2020).

However, cinnamic acid and its derivatives are usu-
ally used in fragrance materials, food, and cosmetics, 
with limited use as drugs, essentially due to their poor 
absorption. Among these compounds, only tranilast (2, 
Figure 1) and ilepcimide (3, Figure 1) demonstrated in-
teresting antifungal, antimicrobial and antioxidant ac-
tivities (Darakhshan & Pour,  2015; Kobzar et  al.,  2023; 
Vaishnav et  al.,  2023; Xu et  al.,  2023). For this reason, 
it could be profitable to design and synthesize hybrids 
of these compounds to obtain promising pharmacologi-
cal tools. In this work, twenty- four differently decorated 
cinnamoyl derivatives were synthesized by combin-
ing piperonilic, sinapic, trans- cinnamic, and trans- 3,4- 
(methylenedioxy)cinnamic acids with different primary 
amines to obtain amide derivatives.

Amide connection was used in these new structures 
considering that this functional group is one of the 
most recurrent in bioactive molecules (Ertl et al., 2020). 
Different anticancer compounds present amide functions 
in their structures as compound 4; of note, this functional 
group is also an essential moiety interacting with metals, 
as exemplified by compound 5 (Sirous et al., 2021).

F I G U R E  1  Design of new phenolic/cinnamic acid- based amides 6- 9a- f.
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All the synthesized amides (6- 9 a- f) were initially as-
sayed in HCT116 CRC cells to investigate their antipro-
liferative activity. Cell cycle was analyzed for the most 
interesting compounds to ascertain the cell death mech-
anism, suggesting p53/p21- mediated apoptosis. The posi-
tive modulation of p21 was hypothesized to be associated 
with increased levels of acetyl histone H3, although not 
significantly. These data were further confirmed in other 
CRC cells, such as LoVo, SW480, HT29, and DLD1 cells.

2  |  RESULTS AND DISCUSSION

2.1 | Chemistry

The synthesis of compounds 6a- f, 7a- f, and 8a- f is de-
picted in Scheme 1. The amides were synthesized starting 
from the corresponding carboxylic acids 10–12 by using 
1- ethyl- 3- (3- dimethylaminopropyl)carbodiimide (EDCI), 
1- hydroxybenzotriazole (HOBt) and the appropriate amine 
as reported by Ghosh and Shahabi (2021). trans- Cinnamic 
acid 10 was reacted with benzylamine to obtain 6a, 
4- fluorobenzylamine for 6b, 4- chlorobenzylamine for 6c, 

4- chlorophenethylamine for 6d, 4- fluorophenethylamine 
for 6e, and 3,4- dichlorobenzylamine to obtain 6f. trans 
3,4- (Methylenedioxy)cinnamic acid 11 was used to syn-
thesize 7a- f using suitable amines under the same experi-
mental conditions. Finally, sinapic acid 12 was employed 
for the synthesis of amides 8a- f (Scheme 1). The amides 
9a- f were synthesized starting from piperonilic acid 13 
(Scheme  2), transformed into its acyl chloride (not iso-
lated), and then treated with different amines under 
Schotten–Baumann conditions.

2.2 | Biological experiments

2.2.1 | Crystal violet assay revealed high 
cytotoxicity for compounds 7a, 7e, 7f, 9c, and 9f

We started with a screening experiment, examining the 
antiproliferative properties of the single compounds using 
HCT116 colon cancer cells (Figure 2). In the first set of ex-
periments, compounds 6a- f, 7a- f, 8a- f, and 9a- f were tested 
at concentrations of 0.1, 1, 10, 50, and 100 μM. Compounds 
6a- f, a series of cinnamic amides, did not show interesting 

S C H E M E  1  Synthesis of compounds 6a- f, 7a- f, 8a- f. For compounds 6a- f, trans- cinnamic acid (1.00 eq.), for compounds 7a- f, trans 
3,4- (methylenedioxy)cinnamic acid (1.00 eq.), for compounds 8a- f, sinapic acid (1.00 eq.), appropriate amine (1.20 eq.), EDCI (2.10 eq.), 
HOBt (1.5 eq.), dry DMF (10 mL), 25°C, 24 h. EDCI, 1- ethyl- 3- (3- dimethylaminopropyl)carbodiimide; HOBt, 1- hydroxybenzotriazole.
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antiproliferative activities, with the exception of compound 
6f, which bears a 3,4- dichlorobenzyl moiety. This compound 
reduced cell viability by almost 30% at 50 and 100 μM. The sub-
set of compounds 7a- f, which contain a 3,4- methylenedioxy 
cinnamic moiety as an acyl donor, displayed better efficacy in 
reducing cell viability than analogs 6a- f. In fact, 7a- d showed 
promising antiproliferative properties from 50 to 100 μM, 
with a degree of almost 40% at a 100 μM concentration. The 
most effective antiproliferative compounds resulted in 7e 
and 7f, bearing 4- fluorophenethyl and 3,4- dichlorobenzyl 
substituents, respectively. Sinapic acid was used to develop 
amides 8a- f. This series of compounds showed different ac-
tivities: 8a- b seemed not useful in inducing cell death, while 
8d- f showed only a slight dose- dependent reduction in cell 
viability, with the strongest increase in cytotoxicity between 
10 and 50 μM. Compound 8d, bearing the 4- chlorobenzyl 
moiety, appeared to be the best antiproliferative compound 
of this subseries. Finally, compounds 9a- b and 9d failed 
to induce cell death, while 9e showed very low activity at 
a concentration of 100 μM. On the other hand, 9c, bear-
ing the 4- chlorobenzyl moiety as 8c, showed promising 

antiproliferative activity. The most interesting tool seemed 
9f, again with the 3,4- dichlorobenzyl substituent, showing an 
interesting antiproliferative activity (Figure  2). The highest 
cytotoxicity for compounds 7a, 7e, 7f, 9c, and 9f was detected 
with IC50 values between 71 μM and 153 μM, calculated via 
GraphPad software (nonlinear regression) on the basis of the 
5 different concentrations. In case of 7a and 7e the IC50 val-
ues are extrapolated as hypothetical values outside the curve. 
Normal intestinal epithelial cells (HCEC cell line) were less 
sensitive to these compounds (Figure 3), opening the way for 
further biological investigation in CRC cells.

2.2.2 | Compounds 7a, 7e, 7f, 9c, and 9f 
induce cell cycle arrest and apoptosis

When performing a cell cycle analysis using PI staining 
and flow cytometry, we observed an increase in the G1 
population after treating HCT116 tumor cells with 7a, 7e, 
7f, 9c, and 9f (Figure 4a,b), suggesting a stop in G1 phase. 
9f was the most effective, with a pre- G1 fraction of 17.4% 
(Figure 4a,b). These antiproliferative effects were verified 
by cell cycle FACS analysis with apoptotic cell fractions 
of 29.8% and 11.3% in HT29 and DLD1 cells, respectively, 
confirming the potential induction of apoptosis for this 
compound (Figure  4c,d). Nonmalignant HCEC cells did 
not respond to 9f (Figure  4d). Compound 9f was further 
tested in HT29 and DLD1 cells in a crystal violet assay, and 
IC50 values between 50 and 100 μM were found (Figure 5a). 
Next, we treated HCT116 cells with 99 μM 9f for 48 h and 
analyzed different cell cycle proteins characteristic of the 
G1 phase by western blotting (Figure 5b). Both controls, un-
treated and DMSO- treated, were included. Corresponding 
to the FACS data, Cyclin D1 was decreased for the selected 
compounds, whereas the cell cycle inhibitor p21 showed a 
more variable profile. The highest levels were visible for 7a, 
7e, and 9f (Figure 5b). Again, 9f showed the highest levels 
of cleaved poly (ADP- ribose) polymerase (PARP) signals, 
reflecting apoptosis induction (Figure  5b). To examine 
whether p21 induction was mediated by p53, the major up-
stream regulator of p21, we performed a western blot for 
p53 protein in HCT116 cells treated with 7a, 7e, 7f, 9c, and 
9f for 48 h. Only for 7a and 9f, we could detect similarly 
high levels of p21 and p53 (Figure  5b). Next, we treated 
four other colon tumor cell lines, HT29, DLD1, SW480, and 
LoVo, with 9f (99 μM, 48 h) and performed western blots 
for p21 and PARP. Indeed, p21 was upregulated in all cell 
lines, similar to apoptosis induction, which was detectable, 
with SW480 cells being the least responsive (Figure 5c). In 
contrast to the cell cycle analysis, normal HCEC cells also 
showed apoptosis induction visible as cleaved PARP bands 
(Figure 5c). The upregulation of p21 is in accordance with 
other studies showing that p21 could be involved in cell 

S C H E M E  2  Synthesis of compounds 9a- f. Piperonylic acid 
(1.00 eq.), SOCl2 (2.00 eq.), DMF (0.01 eq.), CHCl3 (10 mL), 25°C, 
2 h; then, appropriate amine (1.50 eq.), TEA (2.00 eq.), dry DCM 
(15 mL), 25°C, 24 h.
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cycle arrest and apoptosis induction (Ocker et  al.,  2019). 
Low Cyclin D1 levels confirmed the observed G1 arrest 
seen in the FACS analysis.

2.2.3 | Compounds 7a, 7e, 7f, 9c, and 9f may 
affect the epigenetic machinery

One of the major regulatory mechanisms for the p21 gene 
is based on epigenetic control essentially mediated by 

histone deacetylase (HDAC) enzymes (Zupkovitz et al., 2010). 
Furthermore, HDAC inhibition strongly activates the ex-
pression of p21 (cip1/waf1) through enhanced histone 
acetylation around the p21 (cip1/waf1) promoter, and 
this expression is regulated in a p53- dependent and p53- 
independent manner (Ocker & Schneider- Stock, 2007). We 
treated HCT116 cells with our five compounds (7a, 7e, 7f, 
9c, 9f) for 48 h and analyzed the expression of two histone 
deacetylases, HDAC1 and HDAC6, by western blotting. 
Interestingly, only HDAC1 levels were modestly decreased 

F I G U R E  2  Compound screening for antitumor cytotoxicity. Crystal violet staining of HCT116 cells after treatment with compounds 
at various concentrations. HCT116 cells were treated for 48 h as described in the experimental section. Viability was normalized to DMSO- 
treated controls. Data represent the mean ±SD of two biological replicates with each three technical replicates.

 17470285, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cbdd.14415 by C

ochraneItalia, W
iley O

nline L
ibrary on [17/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 11 |   FALBO et al.

by compounds 9c and 9f, whereas HDAC6 levels were not 
affected (Figure S1a). Correspondingly higher levels of acet-
ylated histone H3 (pan acH3) were visible for 9c and 9f but 

also for 7a and 7e (Figure S1a). Next, we treated four other 
colon tumor cells and the nonmalignant colon epithelial cell 
line HCEC with 9f (99 μM, 48 h) and examined the HDAC1 

F I G U R E  3  Compound screening for cytotoxicity against normal intestinal epithelial cells. Crystal violet staining of nontumor human 
colorectal epithelial HCECs after treatment with compounds at various concentrations. HCECs were treated for 48 h as described in the 
experimental section. Viability was normalized to DMSO- treated controls. Data represent the mean of two biological replicates with three 
technical replicates each.

F I G U R E  4  Compound effects on the cell cycle (a) Cell cycle analysis after 48 h treatment of HCT116 cells with IC50 concentrations (7a: 
131 μM, 7e: 153 μM, 7f: 71 μM, 9c: 76 μM, 9f: 99 μM), stained with propidium iodide (PI) and analyzed by flow cytometry. Cells treated with 
DMSO served as controls. Treatment resulted in G1 arrest and an apoptotic pre- G1 population. The data shown are representative of two 
independent experiments. (b) Corresponding flow cytometry images for (a), (c) Cell cycle analysis after 48 h treatment of HT29 and DLD1 cells 
and nontumor human colorectal epithelial HCEC with 99 μM 9f, stained with PI and analyzed by flow cytometry. Cells treated with DMSO 
served as controls. Treatment resulted in G1 arrest and an apoptotic pre- G1 population in the tumor cell lines but not in the nontumor cell line 
HCEC. The data shown are representative of two independent experiments. (d) Corresponding flow cytometry images for (c).
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and pan acH3 levels by western blotting. We confirmed a 
general and very modest decreasing effect on HDAC1, ex-
cept in DLD1 cells (Figure S1b). An increase in pan acH3 
levels was observed for HT29, DLD1, and SW480 cells but 
not for LoVo cells. We have already reported that a decrease 
in HDAC1 levels by HDAC inhibitor treatment is accompa-
nied by activation of p21, mainly caused by increased acetyla-
tion of histones around the p21 promoter (Ocker et al., 2019; 
Ocker & Schneider- Stock, 2007). Here, 9f induced cell cycle 
arrest in G1 phase and showed pro- apoptotic effects in flow 
cytometry and western blot (Figures 4a–d and 5a–c). Of note, 
HT29 cells with a mutant p53 and serine/threonine- protein 
kinase B- Raf (BRAF) are highly resistant to diverse chemo-
therapeutic drugs (El Khoury et  al.,  2016), but compound 
9f seemed to have the potential to overcome the resistance 
mechanisms of HT29 cells (Figures 4c,d and 5a,c).

3  |  METHODS

3.1 | General chemistry methods

Carboxylic acids and amines were purchased from Merck 
(Milan, Italy) and used without further purification. All 

reactions were performed under a nitrogen atmosphere 
using oven- dried glassware and anhydrous solvents. 
Flash column chromatography was carried out on silica 
gel (Merck: Kieselgel 60, particle size 0.040–0.063 mm). 
Reactions were monitored by thin- layer chromatogra-
phy (TLC), carried out using glass- backed plates coated 
with Merck Kieselgel 60 GF254. Plates were visualized 
under UV light (at 254 nm). 1H NMR and 13C NMR spec-
tra were recorded on a Varian 300 MHz spectrometer 
using the residual signal of the deuterated solvent as 
an internal standard. Coupling constants (J) are given 
in hertz (Hz). Splitting patterns are described as singlet 
(s), doublet (d), triplet (t), quartet (q), and broad (brs); 
the values of chemical shifts (δ) are given in parts per 
million (ppm). ESI- HRMS spectra were acquired by 
a linear ion- trap- Orbitrap hybrid mass spectrometer 
(LTQOrbitrap XL) (Thermo Fisher Scientific, Bremen, 
Germany) operating in positive electrospray ioniza-
tion mode. Data were collected and analyzed using the 
Xcalibur 2.2 software provided by the manufacturer. 
Yields refer to purified products and are not optimized. 
The purity of the final products (>95%) was determined 
by an analytical HPLC Merk Purospher STAR RP- 18e 
(5 μm) LiChroCART 250–4 column; detection at 254 nm; 

F I G U R E  5  Anticancer compound effects on viability and cell cycle- mediating proteins (a) Crystal violet staining of HT29 and DLD1 
cells after 48 h treatment with 9f at various concentrations. Viability was normalized to DMSO- treated controls. Data represent the 
mean ± SD of two biological replicates with each three technical replicates. (b) Western blot analysis of HCT116 cells after 48 h treatment 
with IC50 concentrations (7a: 131 μM, 7e: 153 μM, 7f: 71 μM, 9c: 76 μM, 9f: 99 μM) and analysis by western blotting. Untreated cells (con) or 
DMSO- treated cells (con*) served as controls. The data shown are representative of two independent experiments. (c) Western blot analysis 
of different colorectal cancer cell lines and the nontumor cell line HCEC after 48 h treatment with 9f (99 μM). Cells treated with DMSO 
served as controls. The data shown are representative of two independent experiments. *The GAPDH bands are also shown in Figure S1b for 
HDAC1 and pan- acH3 as the markers were detected on the same membrane.
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flow rate = 1.0 mL/min; mobile phase A, 0.01% trifluoro-
acetic acid (TFA) (v/v) in water; mobile B, acetonitrile; 
gradient, 90/10–10/90 A/B in 20 min. The gradient was 
optimized based on compound polarity.

3.2 | General procedure for the 
synthesis of compounds 6a- f, 7a- f, and 8a- f

To a well- stirred solution of acids 10–12 (1.00 eq.) in dry DMF 
(10 mL), the appropriate amine (1.20 eq.), EDCI (2.10 eq.), 
and HOBt (1.50 eq.) were added. The mixture was stirred 
at 25°C for 24 h. After that, the mixture was treated with a 
saturated aqueous solution of NaHCO3 and extracted with 
EtOAc (1 × 20 mL). The organic layer was then treated with 
a saturated solution of NH4Cl (2 × 15 mL). The combined or-
ganics were dried (Na2SO4), filtered, and evaporated under 
reduced pressure. The residue was purified through flash 
column chromatography on silica gel (eluent PE/EtOAc, 3:1 
for 6a- f, PE/EtOAc 4:1 for 7a- f or PE/EtOAc 1:1 for 8a- f).

3.3 | General procedure for the 
synthesis of compounds 9a- f

To a well- stirred solution of piperonilic acid 13 (100 mg, 
0.78 mmol, 1.00 eq.) in chloroform (10 mL), thionyl chlo-
ride (114 μL, 1.56 mmol, 2.00 eq.) and DMF (cat.) were 
added. The mixture was stirred for 2 h at 25°C; then, the 
chloroform was removed, and the crude material was 
diluted in dry dichloromethane (DCM) (20 mL). The 
appropriate amine (1.5 eq.) and triethylamine (217 μL, 
1.56 mmol, 2.00 eq.) were added, and the mixture was 
stirred at 25°C for 24 h. Then, the solvent was removed, 
and the crude solution was diluted with EtOAc extracted 
with NH4Cl (3 × 10 mL). The organic layer was dried 
(Na2SO4), filtered, and evaporated under reduced pres-
sure. The residue was purified through flash column chro-
matography on silica gel (eluent PE/EtOAc, 1:1).

3.4 | Biological methods

3.4.1 | Cell culture

Colon carcinoma cell lines HCT116, HT29, DLD1, SW480, 
and LoVo were cultured in 10 cm cell culture dishes 
(Corning) in RPMI (PAN) supplemented with 10% fetal 
bovine serum (PAN) and penicillin (100 U/mL)/strep-
tomycin (100 mg/mL) (PAN) at 37°C and 5% CO2 in a 
humidified atmosphere. HCEC cells were maintained 
in 10 cm CellBIND® dishes (Corning) in basal HCEC 
medium (PAN) supplemented with 2 mM L- glutamine 

(GlutaMax®, Gibco), 30 μg/mL bovine pituitary extract 
(PromoCell), 38 μg/mL ascorbic acid (Sigma Aldrich), 
1 nM dexamethasone (Sigma Aldrich), and 100 mM reti-
nol (Sigma Aldrich) at 37°C and 5% CO2 in a humidified 
atmosphere. Cells were passaged every 3–4 days. Cell 
line verification was performed through Multiplex Cell 
Authentication by Multiplexing (Heidelberg, Germany). 
The mycoplasma- free status of the cells was verified.

3.4.2 | Crystal violet assay

Crystal violet assays were conducted as previously de-
scribed (Carullo, Mazzotta, et  al.,  2020) to test the sub-
stances for their effects on cell viability. For this, 7500 
cells were plated in 100 μL of cell culture medium per well 
of a 96- well plate (Corning) and allowed to settle for 24 h 
at 37°C and 5% CO2. Then, the cells were treated with 
the test substances at the stated concentrations for 48 h. 
Afterward, the cells were stained with crystal violet for 
15 min at room temperature. The absorbance at 595 nm 
was measured by a Victor® X3 (Perkin Elmer). The IC50 
concentration was calculated via GraphPad software 
(nonlinear regression).

3.4.3 | Western blot analysis

To determine alterations in protein levels, western blot 
analysis was performed as described previously. To treat 
the cells, 0.55 × 105 cells were seeded in 6 cm cell culture 
dishes (Corning) and allowed to adhere at 37°C and 5% 
CO2 for 24 h. The cells were then treated with the sub-
stances (7a: 131 μM, 7e: 153 μM, 7f: 71 μM, 9c: 76 μM, 
9f: 99 μM) and incubated at 37°C with 5% CO2 for 48 h. 
For Western blot analysis, 40 μg of total protein was run 
in 12%, 10%, or 7.5% denaturing SDS–PAGE and trans-
ferred onto 0.2 μm nitrocellulose membranes overnight. 
Unspecific binding sites were blocked with 5% milk 
powder in TBS- T buffer for 1 h at RT. Incubation with 
primary antibodies was performed overnight at 4°C: 
anti- CyclinD1- IgG (1:1.000, Cell Signaling, #2922), anti- 
p21- IgG (1:5.000, Cell Signaling, #2947), anti- PARP- 
IgG (1:2.000, Cell Signaling, #9532), anti- p53- IgG- HRP 
(1:1.000, Santa Cruz, #sc- 126- HRP), anti- HDAC1- 
IgG (1:1.000, Active Motif, #39531), anti- HDAC6- IgG 
(1:15.000, Cell Signaling, #7558), or anti- acH3- IgG 
(1:15.000, Active Motif, #39040). Then, the blots were 
incubated with secondary HRP- coupled antibodies 
goat- anti- mouse IgG (H + L) (1:10.000, Thermo Fisher 
Scientific, #A- 11029) or goat- anti- rabbit IgG (H + L) 
(1:10.000, Thermo Fisher Scientific, #31460) for 1 h at 
RT. GAPDH was used to control equal loading of the 
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samples. The blots were incubated with HRP- labelled 
anti- GAPDH- IgG1 (1:100.000, Abnova, #MAB5476) 
for 45 min at RT. The blots were developed with the 
Immobilon Western Chemiluminescent horserad-
ish peroxidase (HRP) substrate kit (Merck Millipore). 
Photographs were taken using a GeneGnome (Syngene).

3.4.4 | Cell cycle analysis

Cell cycle analysis by staining of DNA with propidium 
iodide (PI) and detection using flow cytometry was per-
formed as previously described (Carullo, Mazzotta, 
et al., 2020; Parupalli et al., 2023). A total of 5.5 × 105 cells 
(HCT116, HT29, DLD1, SW480, LoVo) or 4 × 105 cells 
(HCEC) were plated in 6 cm cell culture dishes (Corning) 
and then left to adhere at 37°C and 5% CO2 for 24 h. Then, 
the cells were treated with the substances (7a: 131 μM, 
7e: 153 μM, 7f: 71 μM, 9c: 76 μM, 9f: 99 μM) for 48 h. 
Floating and adherent cells were harvested by trypsiniza-
tion. Afterwards, the cells were centrifuged, washed with 
PBS, and fixed in 70% ice- cold ethanol overnight at 4°C. 
The DNA was stained with a staining solution containing 
150 μg/mL PI and 0.5 mg/mL RNase for 30 min at RT in 
the dark. The DNA content of the cells was measured with 
a fluorescent activated cell sorter (FACS) FACSCanto II 
(BD Biosciences), and the cell cycle distribution was iden-
tified using FlowJo software (v7.6.5, FlowJo LCC).

4  |  CONCLUSION

Based on the structures of natural compounds such as cin-
namic acids and piperonilic acid, we synthesized amides 
6- 9a- f, with the aim of obtaining new molecular entities 
for the treatment of CRC. In particular, amides were devel-
oped as versatile tools in anticancer research. The devel-
oped compounds 6- 9a- f were first assayed in the HCT116 
cell line by means of a crystal violet assay, showing modest 
antiproliferative properties that were further confirmed in 
HT29, LoVo, and SW480 cells, without eliciting significant 
toxic effects in normal HCEC cells. In this context, the cell 
cycle analyses revealed the induction of apoptosis as the 
preferred cell death mechanism. The cleavage of PARP 
and the modulation of the p53/p21 axis are signs of DNA 
interference in cancer cells. In conclusion, the reported 
experimental data provided preliminary data highlight-
ing that several synthesized compounds based on natural 
scaffolds of cinnamic acids have the potential to behave as 
lead compounds with apoptosis- inducing effects, but fur-
ther studies are needed for rational drug design of new an-
tiproliferative agents targeting the p21/HDAC mediated 
epigenetic machinery.
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