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Abstract 

Colorectal cancer (CRC) is a leading cause of mortality worldwide. Current 

treatments of CRC involve anti-cancer agents with relatively good efficacy but 

unselectively target both cancer and non-cancer cells. Thus, there is a need to discover 

and develop novel CRC therapeutics that have potent anti-cancer effects, but show 

reduced off-target cell effects. Here, a novel series of cinnamaldehyde-based aspirin 

derivatives were designed and synthesized. Biological evaluation indicated that the 

most active compound 1f exhibited more than 10-fold increase in the 

anti-proliferation efficacy in HCT-8 cells compared to the parent compounds. Its 

effects were similarly reproduced in another CRC cell line, DLD-1, but with 7- to 

11-fold less inhibitory activity in non-tumorigenic colon cells. Flow cytometry 

analysis showed that 1f induced cell cycle arrest and apoptosis, which was further 

validated with immunoblot analysis of the relative protein levels of cleaved caspase 3 

and PARP as well as the ROS production in CRC cells. More so, 1f significantly 

inhibited the growth of implanted CRC in vivo in mouse xenograft model. Taken 

together, our results show that cinnamaldehyde-based aspirin derivatives such as 1f 

show promise as novel anti-CRC agent for further pharmaceutical development. 

 

Keywords: aspirin, cinnamaldehyde, colorectal cancer, anti-proliferative activity, 

apoptosis 
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Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and 

the fourth leading cause of cancer-related death worldwide [1, 2]. Chemotherapeutic 

drugs like 5-Fluorouracil (5-FU), Capecitabine (Xeloda), Irinotecan (Camptosar), 

Oxaliplatin (Eloxatin), and Trifluridine and tipiracil (Lonsurf, a combination drug in 

pill form) are widely used for the treatment of CRC. However, in many cases, they 

produce mild to grave side effects such as hair loss, mouth sores, nausea, diarrhea, 

immunosuppression, bleeding, and fatigue [3-7]. In recent years, with various novel 

targets and therapeutic strategies discovered in targeting CRC, a number of groups 

have developed newer drugs to specifically alter these new targets. For example, the 

rapid increase in development of vascular endothelial growth factor (VEGF) and 

epidermal growth factor receptor (EGFR) inhibitors [8]. Nonetheless, these new 

treatments still pose serious side effects that include blood clotting, severe bleeding, 

colonic perforations, slow wound healing, cardiomyopathy and nephropathy. 

Therefore, novel therapeutics for CRC with reduced side effects is still urgently 

needed. 

Aspirin (ASA, 2, Fig. 1), a widely used nonsteroidal anti-inflammatory drug 

(NSAID), has been shown to be effective for the prevention and remission of cancers, 

especially in CRC [9-13]. In fact, the Colorectal Adenoma/Carcinoma Prevention 

Program (CAPP2) randomized clinical trial in carriers of hereditary forms of CRC, 

lynch syndrome, demonstrated substantial protection by ASA in these patients [14]. 

They found that long-term treatment with 600 mg of ASA per day substantially 

reduced cancer incidence in lynch syndrome patients in a span of 55.7 months [14]. 

As a result, many synthetic ASA derivatives have now been prepared (Fig. 1), 

including NO- and HNO-releasing ASA (3 and 4) [15-19], HS-releasing ASA (5) 

[20-22], dual nitric oxide- and hydrogen sulfide-releasing ASA (6) [23, 24], 

phospho-ASA (7) [25], 6-gingerol-based ASA prodrug (8) [26], resveratrol-based 

ASA prodrug (9) [27], and Se-ASA (10) [28]. These synthetic ASA derivatives 
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possess stronger cytotoxicity and chemo-preventive effects especially against CRC 

cells than ASA. Another ASA derivative extensively reported in the literature is the 

Asplatin (11), a Pt (IV) prodrug of cisplatin containing the ASA moiety, which 

exhibits significantly higher cytotoxicity than cisplatin towards tumor cells and almost 

fully overcomes drug resistance in cisplatin resistant cells [29, 30]. In the same way, 

further discovery and development of novel ASA derivatives with improved 

anti-cancer selectivity, but lower off-target cellular effects is warranted. One means to 

achieve this objective is by hybrid drug approach as demonstrated with Asplatin. 

Cinnamaldehyde (CA, 12, Fig. 1) is an important bioactive ingredient found in the 

cinnamon [31]. It is widely used in food and beverages and has been known to exert 

anticancer activity through reactive oxygen species (ROS) generation [32, 33]. 

Although CA contains active Michael acceptor pharmacophore, it is not genotoxic or 

carcinogenic in vivo [34]. Furthermore, it is considered generally recognized as safe 

(GRAS) and widely used in foodstuffs in the United States and European countries 

[35]. More importantly, CA has been reported to induce ROS generation mainly in the 

mitochondria and inhibit growth of human cancer cells, with minimal cytotoxicity to 

normal cells [36, 37]. 
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Fig. 1. Chemical structures of ASA, representative synthetic ASA derivatives and CA. 

 

Considering the aforementioned chemo-preventive effects of ASA and its 

derivatives and the biological effects of CA, along with the previous reports that 

support the modification of ASA to obtain more potent and selective antitumor agents, 

we designed novel hybrid CA-ASA derivatives. We hypothesized that these hybrids 

will exert potent cytotoxicity against CRC cells with good selectively compared to 

normal cells. Accordingly, we synthesized this novel class of CA-based ASA 

derivatives (1a-h, Scheme 1), and evaluated their bioactivity in vitro and in vivo. 

 

The target compounds 1a-h were synthesized as depicted in Scheme 1. Initially, 

aspirin 2 was converted to the acid chloride 13 upon treatment with thionyl chloride. 

Then the corresponding cinnamaldehyde 15a-h were prepared by the Wittig reaction 

[38-41] starting from aldehydes 14a-h in higher yields (55-79%). Next, reaction of 

acid chloride 13 with 15a-h in dry CH2Cl2, in the presence of the non-nucleophilic 

base triethylamine (TEA), furnished the respective target compounds 1a-h in good 

yields (75-89%). The structures of all hybrids were fully characterized by their 
1
H and 

13
C NMR spectroscopic data as well as by mass spectral analysis (data in 

Supplementary Materials).  

 

 

Scheme 1. Synthesis of cinnamaldehyde-based aspirin derivatives 1a-h. Reagents and 

conditions: a) SOCl2, anhydrous CH2Cl2, reflux, 2h; b) Ph3P=CHCHO, PhMe, 60°C, 

8h, N2; c) 3, TEA, anhydrous CH2Cl2, rt, 12h.  
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Compounds 1a-h were screened for their inhibitory activity against HCT-8 by 

measuring cell proliferation using MTT assay (Supplementary Materials) with 

5-Fluorouracil (5-FU) as a positive control. As shown in Table 1, compounds 1b and 

1e-h exhibited more potent cell growth inhibitory activity (IC50 = 2.6-9.3 μM) against 

HCT-8 cells compared to 5-FU (IC50 = 28.9 μM), ASA (IC50 > 100 μM) and CA (IC50 

= 29.4 μM), and even the combination of ASA and CA (IC50 = 15.6 μM, physical 

mixture, mole ratio, 1:1). Among them, compounds 1f exhibited the most potent 

inhibitory activity (IC50 = 2.6 μM), which was 11, 38, 4, and 2.5 fold higher than that 

of the positive control 5-FU, two individual moieties 16 (IC50 > 100 μM, methyl ester 

of aspirin) and 17 (IC50 = 10.5 μM, O-acetylated cinnamaldehyde derivative, 

Supplementary Materials), and the physical combination of 16 and 17 (IC50 = 6.6 μM), 

respectively. These results suggest that the antitumor activity of 1f may be most likely 

attributed to the synergic effects derived from both the cinnamaldehyde and aspirin 

moieties. It was obvious that R substitution on the benzene ring of the CA as in 1b-h 

was crucial for their anticancer activity. Generally, the compounds with substituents 

like methoxy, or methyl, or halogen (1b-h) displayed better inhibitory activity than 

that of 1a without any substitution at the R position. Substitutions on the carbon 4 (1b) 

led to preferable anticancer activity than others (1c and 1d). More distinctly, the 

compounds with an electron-withdrawing group such as halogens (1f-h) on the 

benzene ring showed more potent inhibitory activity than those bearing an 

electron-donating group such as methoxy, or methyl (1b and 1e). 

 

Table 1. The anti-proliferative activity of compounds 1a-h. 
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Compounds R 
IC50 (μM)

a
 

HCT-8 

1a H 20.3 ± 1.7 

1b 4-OMe 9.3 ± 0.7 

1c 5-OMe 15.8 ± 1.1 

1d 6-OMe 17.6 ± 1.0 

1e 4-Me 8.5 ± 0.4 

1f 4-F 2.6 ± 0.6 

1g 4-Cl 4.3 ± 0.9 

1h 4-Br 5.6 ± 0.7 

ASA  >100 

CA  29.4 ± 1.3 

ASA+CA  15.6 ± 1.6 

16  >100 

17  10.5 ± 1.3 

16+17  6.6 ± 0.9 

5-FU  28.9 ± 2.7 

a
Data are expressed as mean IC50 (µM) ± SD of each compound from three 

independent experiments. IC50 is the drug concentration inhibiting 50% of the cell 

proliferation. 

 

Subsequently, the most potent compound 1f was further investigated for its 

antitumor efficacy and selectivity in other cell lines by MTT assay (Table 2). We 

found that 1f displayed more potent activity (IC50 = 4.3 μM) than 5-FU (IC50 = 33.0 

μM) against a human colorectal adenocarcinoma cell line, DLD-1. While 5-FU had 

similar inhibitory activity in both CRC and nontumor CCD841 cells, 1f exhibited a 7- 

to 11-fold less anti-proliferative activity against CCD841 cells (IC50 = 35.7 μM). This 

suggests that 1f may have anti-proliferative activity selectively against CRC cells 

relative to normal cells. 
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Table 2. The anti-proliferative activity of compound 1f. 

Compounds 
IC50 (μM)

 a
 

DLD-1 CCD841 

1f 4.3 ± 0.5 30.7 ± 2.9 

5-FU 33.0 ± 2.1 35.7 ± 3.2 

a
Data are expressed as mean IC50 (µM) ± SD of each compound from three 

independent experiments. IC50 is the drug concentration inhibiting 50% of the cell 

proliferation. 

 

To evaluate the in vivo anticancer activity of 1f, BALB/c nude mice were 

inoculated subcutaneously with HCT-8 cells. After the establishment of solid tumor, 

the mice were randomly treated intraperitoneally with 1f (60 mg/kg) or the vehicle 

consisting of Tween 80/PBS (5:95) daily for 32 consecutive days, respectively. 

Treatment with 60 mg/kg of 1f significantly reduced the volume of implanted colon 

tumors (P < 0.001 vs. the vehicle-treated control, Figs. 3A and 3B). More so, the 

tumor weights in the mice treated with 1f at 60 mg/kg were 47% (w/w) less than that 

in the vehicle-treated controls (1.95 ± 0.42 g versus 1.03 ± 0.18 g, P < 0.001, Fig. 3C) 

while the body weights of the mice were not significantly changed by treatment with 

1f (Fig. 3D). Together, our data clearly demonstrated that 1f inhibited the growth of 

implanted tumors in vivo with little off-target cell toxicity. 
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Fig. 3. Anticancer effects of 1f in mice inoculated with HCT-8 cells. (A) Images of the 

tumors. The effect of intraperitoneal 1f (60 mg/kg) on tumor volumes (B), tumor 

weight (C) and body weight (D) in a HCT-8 xenograft model. Data are expressed as 

the mean ± SD from each group of mice (n = 6 per group). ( ∗∗∗) P < 0.001 vs the 

vehicle-treated. 

 

To understand the mechanisms underlying the action of 1f, the effects of 1f on 

CRC cell cycle were examined. HCT-8 cells were treated with varying concentrations 

(0, 3, 6, and 12 μM) of 1f for 24 h and then stained with propidium iodide (PI), 

followed by flow cytometry analysis. Figure 4 shows that treatment with 1f induced 

HCT-8 cell cycle arrest at G1 in a concentration dependent manner – 40.05% (0 μM), 

43.17% (3 μM), 48.66% (6 μM), and 51.62% (12 μM) respectively, which were 

significantly higher than that of vehicle-treated control. As a result, the fraction of 

CRC cells at the G2 phase was significantly lower in compound treated than 

vehicle-treated control. This suggests that the anti-cancer mechanisms of 1f may 

include its ability to induce cycle arrest in the cells. 
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Fig. 4. Effects of 1f on cell cycle distribution in HCT-8 cells. Cells were treated with 

the indicated concentrations of 1f for 24 h and stained with PI, followed by flow 

cytometry analysis. 

 

To determine whether the inhibitory effects of 1f on CRC cell proliferation are 

accompanied by enhanced apoptosis, we next carried out Annexin V-FITC and PI 

staining on 1f treated cells. HCT-8 cells were incubated with vehicle, or 1f (3, 6, and 

12 μM) for 24 h. Then flow cytometry analysis was used to determine the apoptotic 

status of the cells. We observed that treatment with 1f induced apoptosis in HCT-8 

cells in a concentration dependent manner (Fig. 5). Increasing concentration of 1f 

specifically increased the fraction of cells undergoing early apoptosis as indicated by 

the lower right quadrant. There was not no significant difference in the early apoptosis 

of the cells between 6 and 12 µM. However, in the upper right quadrant indicating 

cells in the late apoptotic state, increase from 0 to 3 to 6 to 12 µM 1f led to an 
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increase from 2.40 to 5.42 to 17.03 to 27.71 % of cells in this quadrant. This suggests 

that 1f treatment significantly increases apoptosis in cancer cells as a result of its 

anti-cancer effects. Furthermore, apoptosis rate was significantly decreased in 

N-acetyl-L-cysteine (NAC, ROS scavenger) co-treated cells (12.98%) compared to 1f 

(6 μM)-treated cells (32.59%). These data demonstrate that apoptosis resulting from 

1f treatment is due to its induction of intracellular ROS in HCT-8 cells. 

 

 

Fig. 5. Effects of 1f on the induction of apoptosis. HCT-8 cells were treated with the 

indicated concentrations of 1f or vehicle (control) for 24 h. The cells were stained 

with Annexin V-FITC and propidium iodide (PI), followed by flow cytometry 

analysis. 

 

To understand the mechanism of 1f-induced apoptosis, we further examined the 

changes of the intracellular proteins related to apoptosis such as caspase-3, and PARP 

in HCT-8 cells treated with 1f (0, 3, 6, and 12 μM). As shown in Figure 6, compound 

1f significantly induced the relative levels of cleaved caspase 3 and 

poly(ADP-ribose)polymerase (PARP) in a dose-dependent manner in HCT-8 cells. 

Overall, our results confirm that compound 1f inhibits the growth of CRC cells by 

inducing apoptosis in addition to its effects on cell cycle. 
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Fig. 6. Effect of 1f on the expression of apoptotic markers. The relative protein 

expression levels of PARP and Caspase 3 were measured following 1f treatment in 

HCT-8 cells. Cells were treated with increasing concentrations of 1f or control (0.1% 

DMSO) for 24 h and immunoblotting of the whole cell lysate was carried out to 

determine the protein levels. 

 

Studies have shown that the anticancer effect of CA is associated with increase in 

ROS levels [32, 37, 42]. To investigate whether induced cytotoxic effect of 1f is 

related to ROS production, we measured ROS levels in 1f-treated CRC cells by flow 

cytometry analysis. Again, we treated HCT-8 with different concentrations (0, 3, 6, 

and 12 μM) of 1f, and measured the ROS levels. As shown in Figure 7, a dramatic 

increase (from 3.67 to 47.83) in the levels of ROS generation in HCT-8 cells was 

observed after treatment with 1f. These results suggest that the induction of cell death 

by 1f may be due to ROS production. 
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Fig. 7. Effect of compound 1f on ROS levels in CRC cells. Flow cytometry analysis 

of HCT-8 cells treated with the indicated concentrations of 1f for 24 h and stained 

with the fluorogenic dye 2', 7'-dichlorofluorescin diacetate (DCFH-DA). 

 

In summary, we have designed and synthesized a novel group of CA-based ASA 

derivatives 1a-h. We found that compound 1f had potent and selective 

anti-proliferative activity against CRC cells relative to normal cells in vitro. 

Furthermore, treatment with 1f significantly inhibited the growth of implanted CRC 

cancer in mice. In addition, treatment with 1f induced CRC cell cycle arrest at G1 

phase and apoptosis in vitro, increased the relative levels of cleaved caspase 3 and 

PARP as well as the ROS in HCT-8 cells. These findings may provide a proof of 

principle that 1f may be potential chemotherapeutic agents for the intervention of 

CRC. 
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Highlights 

A novel series of cinnamaldehyde-based aspirin derivatives were designed and 

synthesized.  

The most active compound 1f has anti-proliferative activity selectively against CRC 

cells in vitro. 

Compound 1f significantly inhibited the growth of implanted CRC in vivo. 

Compound 1f induced cell cycle arrest and apoptosis, increased the relative levels of 

cleaved caspase 3 and PARP as well as the ROS in CRC cells. 

 


