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Introduction

Several studies on p-cymene (4-isopropyltoluene, 
Compound 1 in Figure 1), a monoterpene with a 
p-menthane skeleton hydrocarbon structure, have reported 
its significant in vitro activity against specific cancer 
cells [1-3]. However, p-cymene has not been shown to 
induce antiproliferation in most human cancer cell lines 
(HCCLs) [1], even when its concentration is greater than 
100 µM [2-4]. In addition, there have been studies on in 
vitro activity against cancer cells by natural 7-oxygenated 
derivatives of p-cymene, which are also para- (p-) 
oriented. Cuminaldehyde (2) is the most interesting 
of these derivatives because of its widely reported 
antiproliferative activity [5-9], whereas only one or no 
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antiproliferation studies have been conducted for cuminic 
acid (3) [10] and cuminol (4), respectively. 

A good advantage of the medicinal use of p-cymene 
and some of its derivatives is that they are widely 
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available from natural sources [1-2, 5-6, 10-12]. For 
example, a richer source of p-cymene and its oxygenated 
derivatives is the essential oil of cumin seeds (Cuminum 
cyminum, family Apiaceae), whose contents can reach 
3.5-12.0% p-cymene, 19.2-60.6% cuminaldehyde, 0.4-
22.6% cuminol, and 1.4% cuminic acid [10-11, 13-16]. 
The species is native to Egypt, the Mediterranean region 
and South Asia [17], has a pantropical distribution and 
has been cultivated worldwide for commercial purposes, 
mainly in India [13-14, 18], achieving a worldwide 
production of 300,000 tons [13]. The anticancer activity of 
C. cyminum has been revised [18]. As an example of its use 
as a dietary protective alternative against cancer, cumin 
prevents the production of 1,2-dimethylhydrazine-induced 
colon cancer cells and the growth of breast cancer in rats 
[19]. Moreover, a nanoemulsion of cumin oil induced 
cytotoxicity against the SAS cell (tongue carcinoma) line 
(half maximal inhibitory concentration, IC50, 1.5 µL/mL), 
whereas this effect was not detected in the non-malignant 
human line HEK-293 (embryonic kidney) [20]. 

The affordability, safety, and usefulness of this herb 
indicate its essential use as a natural substance for human 
medicine. Thus, studies on these cumin constituents 
should be considered to establish their potential anticancer 
action. The present study aimed to assess the in vitro and 
in silico antiproliferative activity of these compounds. In 
view of our expertise in terpene derivation (patent number 
WO2016/026014), we included the sodium salt of cuminic 
acid (5) in this investigation.

Materials and Methods

The menthane derivatives
The p-isomers of cymene, cuminol, cuminaldehyde, 

and cuminic acid were supplied with certification (GC 
purity) by Sigma-Aldrich (St. Louis, USA). Sodium 
p-cuminate was synthesized based on our patent of 
invention (number WO2016/026014), in which another 
p-menthane derivative was obtained by dropping 30% 
sodium methoxide on acid (100 mg/ml in methanol) in 
a stoichiometric quantity in an ice bath. The mixture 
was centrifuged at 4000 rpm at 15°C for 10 min, after 
which the supernatant was discarded. The precipitate was 
washed repeatedly with ice-cold methanol, followed by 
centrifugation until the crystals were no longer alkaline. 
The residual solvent was removed under a vacuum and 
a freeze dryer.

Chemical and thermal analysis
Gas chromatography (GC) was performed on an 

Agilent Technologies Model 7890 instrument with a 7683 
injector at 280°C in split/splitless injection mode (25:10 
split), and flame ionization detection at 300°C using a J&W 
Scientific HP-Innowax column (30 m×250 µm×0.250 µm) 
and helium as the carrier gas (1 ml/min). Programming: 
50°C to 250°C at 20°C/min, held for 5 min. Fourier 
transform infrared spectrophotometry (FTIR, 4000-400 
cm-1) was conducted at 1%w/w in spectroscopic grade 
KBr [21] in an IRAffinity–1S spectrometer (Shimadzu) 
at room temperature. Thermogravimetric analysis (TGA) 
was performed under N2 from room temperature to 350°C 

at 10°C/min on a Discovery TGA 550 analyzer. 

Cell cultures
The HCCLs SK-MEL-28 (malignant melanoma), 

K562 (chronic myeloid leukemia), Lucena (derived 
from K562 cells that express P-glycoprotein (Pgp) and 
have a multidrug resistance phenotype), Jurkat (acute 
T cell leukemia), Caco-2 (colorectal adenocarcinoma), 
MDA-MB-231 (breast adenocarcinoma), THP-1 (acute 
monocytic leukemia), U87-MG (likely glioblastoma), 
Calu-3 (lung adenocarcinoma), and the non-malignant 
human line HEK-293 were used. The cell lines were 
seeded and subcultured in RPMI-1640 medium or 
Dulbecco’s modified Eagle medium for suspension and 
adherent cell cultures, respectively, under a humidified 
atmosphere at 37°C and 5% CO2. The media were 
supplemented with 10% fetal bovine serum, streptomycin, 
penicillin and trypsin. 

MTT assay
Cells were seeded (100 µl, 2-5×104 cells/well) in 

96-well plates containing medium and treated with 
compounds at 100 µM. The compounds were diluted 
previously in either water (sodium cuminate) or a 0.4% 
dimethyl sulfoxide (DMSO) in a phosphate-buffer (pH 7.2) 
solution. The total well volume was 200 µl. Staurosporine 
(1 µM in 0.4% DMSO) was applied as a positive control. 
The plates were kept at 37°C and 5% CO2 for 48h. 

The cell viability was determined using the 
3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) method [22]. MTT solution (20 µL, 2.5 
mg/ml) was added to each well, followed by incubation 
at 37°C for 4h, centrifugation (1500 rpm, 10 min), and 
removal of the supernatant. After dilution of the formed 
formazan crystals with 100 µl DMSO, the absorbance 
at 540nm was read in a Victor X5 spectrophotometer 
(Perkin Elmer, USA). Cell viability (%) was calculated 
as the ratio between the absorbance of the sample well 
and that of the negative control and was expressed as 
the mean ± standard error of the mean (SEM) of two 
independent experiments performed in triplicate. The data 
were compared statistically to the negative control using 
analysis of variance (ANOVA) and, if pANOVA < 0.05, 
followed by Dunnett´s test (p < 0.05).

Determination of apoptosis/necrosis by flow cytometry 
analysis (Annexin V/propidium iodide)

For apoptosis determination, Calu-3 cells were seeded 
(0.5 mL at 2×105 cells/mL) in a 24-well plate and incubated 
(24h) in 5% CO2 atmosphere at 37°C. Cells were treated 
in triplicate with cuminaldehyde 100 µM, for another 24 
and 48h. Controls consisted of cells treated with vehicle 
(negative) or staurosporine (positive, 0.5 μM). Staining 
was performed as recommended by the manufacturer 
(Dead cell apoptosis kit – Invitrogen, Oregon, USA). 
False-positive interpretation due to propidium iodide (PI) 
over-labeling was avoided by adding it (Sigma-Aldrich) 
to samples at the acquisition time (within 5 min). Data 
was acquired (104 gated events) with a FACScalibur flow 
cytometer and analyzed using CellQuestTM software 
(Becton Dickinson, Bioscience, San Jose, USA). Early 
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33.29 µM, and ~45%) [6], and A549 (IC50 18.33 μM, 
~50%), which act on topoisomerases 1 and 2 [7] and 
suppress, in a dose-dependent manner (≤ 0.25 mM), the 
formation of melanin in B16-F10 cells without affecting 
cell growth [9]. This compound was not toxic to A375 
(malignant melanoma) [9] or to pheochromocytoma cells 
(a tumor of the adrenal glands) in PC12 mice [8]. Only one 
report evaluated cuminic acid activity, and the induction of 
cytotoxicity was observed in HepG2 (IC50 6 µg/ml) cells 
without further details on the determination [10]. 

The in silico analysis performed by applying the CLC-
Pred server on the cell lines that were studied in vitro until 
now is also shown in Table 1. Interestingly, Pa < 0.01 
values were found, except for the activity of p-cymene 
in K562, which presented a Pa of 0.24; however, an 
expected threshold (Pi (0.13) was close to Pa) corroborated 
the absence of activity [1]. In addition, this absence of 
activity predicted through CLC-Pred is not consistent 
with what was observed in some studies in the literature 
with cuminaldehyde and cuminic acid, which indicated 
in vitro antiproliferative activity (Table 1). 

Chemical characterization of p-cymene and its derivatives
Content by GC. The commercial compounds showed 

> 97% purity (Supplemental Table S1), according to 
the certification from the supplier. It was possible to 
detect other constituents that did not exceed 2.5% under 
GC conditions. p-Cymene contained only one other 
compound, whereas cuminol contained the most different 
constituents.

Synthesis of the sodium cuminate. The controlled 
addition of sodium methoxide over cuminic acid promoted, 
by ionic exchange, the formation of salt insoluble in 
alcohols, which precipitated, displacing the reaction. The 
chemical composition of the salt was confirmed by FTIR 
spectroscopy and no traces of cuminic acid or residual 
solvent were detected in the TGA profile, which indicated 
that the salt contained 3.2% water (Supplemental Figure 
S1 and S2, respectively).

In vitro antiproliferation in cancer cell lines
Using the MTT assay, in vitro antiproliferative effects 

of the compounds were investigated at a concentration 
of 100 µM in the non-malignant human cell line HEK-
293 and in nine HCCLs: SK-MEL-28, K562, Lucena, 
Jurkat, Caco-2, MDA-MB-231, THP-1, U87-MG, and 
Calu-3 (Figure 2). The HCCLs employed herein would 
be sensitive to the compounds studied since an in silico 
evaluation (Figure 3a) indicated a Pa of 0.12-0.47, except 
for two of them. In addition, the moderate and selective 
in silico activity of cuminaldehyde on the cytotoxicity of 
the MDA-MB-231 cell line, which was predicted using 
the CLC-Pred server (Pa 0.47, Figure 3a), could be better 
investigated in vitro.

The performance of the in vitro assay was successful 
for all cell lines as seen by the cytotoxic responses to the 
positive control (p < 0.001, ANOVA followed by Dunnett´s 
test) (Figure 2). For Caco-2 (pANOVA < 0.05), HEK-293, 
MDA-MB-231, and Calu-3 (pANOVA < 0.001) lines, 
the null hypothesis in the differences in the cell viability 
means among the treatments with the monoterpenes and 

apoptosis, late apoptosis, and necrosis were classified by 
the cell staining profile: Annexin V+/PI-, Annexin V+/
PI+, and Annexin V-/PI+, respectively.

In silico evaluation of cytotoxicity in human cancer cell 
lines

The cytotoxicity of the compounds on human 
cancerous and non-malignant cell lines and possible 
mechanisms of action were evaluated in silico through 
the CLC-Pred 2.0 (Cell Line Cytotoxicity Predictor, 
way2drug.com/cell-line) webserver [23]. For that, the 
canonical SMILES (simplified molecular-input line-
entry system) of those compounds was obtained from 
the PubChem database (pubchem.ncbi.nlm.nih.gov). 
Cytotoxicity is predicted in terms of Pa (probable activity) 
and Pi (probable inactivity), which range from 0 to 1. A 
threshold is considered when the value Pa is equal to Pi. 
When Pa > Pi, the compound is considered cytotoxic or 
active. The compound is considered highly cytotoxic 
and highly active when Pa ≥ 0.5 [23]. Correlations (rho 
coefficient) between Pa of mechanisms of action and 
Pa of activity against HCCLs were examined through 
Spearman’s Rank Order using GraphPad Prism 8 program.

Pharmacological and toxicity prediction 
The drug-likeness, human gastrointestinal (GI) 

absorption, blood-brain barrier (BBB) permeability, and 
inhibition or induction of Pgp and human cytochrome 
P450 (CYP) enzymes by the compounds were estimated 
in silico through the CLC-Pred 2.0 (only on CYPs), 
SwissADME (swissadme.ch) [24, 25] and ADMETlab 
2.0 (admetmesh.scbdd.com) [26] webservers. The 
toxicological profile of the compounds was investigated 
by applying the latter and the Protox-II server (tox.
charite.de) [27]. The canonical SMILES was applied as 
the input data.

Results

Evaluation of the literature
The outcome results of the in vitro studies on the 

antiproliferative activity of the compounds on cancer 
cell lines are shown in Table 1. p-Cymene induced 
antiproliferation on B16-F10 (murine melanoma, 
IC50 of 20.06 µg/ml) [1] and MCF-7 (human breast 
adenocarcinoma, IC50 of 5.11 mM) lines [2]; the 
suppression of 12-O-tetradecanoyl-phorbol-13-acetate 
(TPA)-induced MMP-9 expression via the inhibition of the 
ERK1/2 and p38 MAPK signaling pathways in HT-1080 
(epithelial fibrosarcoma) lines; and the inhibition (87% 
at 600 μM) of the invasive activity of these cells at the 
basal level [3]. However, p-cymene has not been shown 
to induce antiproliferation in several HCCLs, such as 
HT-1080 (≤ 800 µM) [3], A549 (lung adenocarcinoma), 
DLD-1 (colon adenocarcinoma) (≤ 100 µM), Hep3B (≤ 
10 µM) [2, 4], and HepG2 (hepatic carcinomas) (≤ 25 
µg/ml) [1].

Cuminaldehyde has induced cancer cell death in vitro 
and in vivo in COLO 205 (colorectal adenocarcinoma) 
(IC50 16.31 µM, and a 48.9 - 69.4% reduction in tumors) 
[5], NCI-H520 (lung squamous carcinoma, with an IC50 
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Compound Ref. Cell line IC50 (µM) Incubation time Assay, statistical test (sample size) CLC-Pred (Pa*)

p-Cymene [1] HepG2 nc (max. 186) 24h Methyl-[3H]-thymidine,  < 0.01

 K562 nc (max. 186) ANOVA/Newman-Keuls 0.24 (Pi 0.13)

 PBMC nc (max. 186) (2 × 2-3) -

 B16-F10 (murine) 149 -

[2] MCF-7 5110 ± 500 72h Sulforhodamine B assay, < 0.01

 A549, HepG2, Hep3B nc (max. 10,000) regression analysis (3) < 0.01

[3] HT-1080 nc (max. 800) 24h CellTiter-Blue reagent, nd (6) < 0.01

[4] A549, DLD-1 nc (max. 100) 48h Resazurin reduction, nd (3)  < 0.01

Cuminaldehyde [5] COLO 205 16.31 48h XTT, ANOVA/Bonferroni (3)  < 0.01

[6] NCI-H520 33.29 48h XTT, ANOVA/Bonferroni (3)  < 0.01

[7] A549 18.33 48h XTT, ANOVA/Tukey (3) < 0.01

[9] A375 nc (max. 0.5) 72h MTT, F-/t-Student-Welch tests (2)  < 0.01

B16-F10 (murine) 700 -

[10] MCF-7 53 48h MTT, ANOVA/Tukey (3) < 0.01

Cuminic acid [11] HepG2 6 nd MTT, nd < 0.01

Table 1. Reported Studies on in vitro Antiproliferation by p-Cymene and 7-Oxygenated Derivatives on Cancer Cell 
Lines and the in silico Activity Predicted.

Ref, See references. *Probability to be active (Pa) or inactive (Pi, indicated when close to Pa); nc, Not cytotoxic concentration was reached 
(maximum (max.) concentration tested); nd, Not declared. 

Mechanism of action (human protein 
code)

p-Cymene Cuminaldehyde Cuminic 
acid

Cuminol Spearman

Cell lines (Pa ≥ 0.5) p rho

DNA-3-methyladenine glycosylase 
(AAG)

0.86 0.34 0.92 0.83 all > 0.33 -

Regulator of G-protein signaling 17 
(RGS17)

0.81 0.58 0.84 0.75 all > 0.33 -

Solute carrier family 22 member 2 
(SCL22A2)

0.76 0.31 0.61 0.55 CAKI-2, SK-LU-1,

Cytochrome P450 2A13 (CYP2A13) 0.76 0.43 0.60 0.57 and RCC4 0.08 1.00

Deoxyhypusine hydroxylase (DOHH) 0.70 0.33 0.56 0.50

Emopamil-binding protein-like (EBPL) 0.76 0.45 0.53 0.65 SK-MEL-1 0.08 1.00

Histamine N-methyltransferase 
(HNMT)

0.75 0.45 0.57 0.65

DNA polymerase k (POLK) 0.74 0 0.71 0.68 all > 0.33 -

RecQ-like DNA helicase (BLM) 0.52 0.34 0.70 0.56 all > 0.33 -

Solute carrier organic anion transporter 
family member 2B1 (SLCO2B1)

0.44 0 0.70 0.64 all > 0.33 -

Endoplasmic reticulum chaperone BiP 
(HSPA5)

0.37 0 0.42 0.73 all > 0.33 -

Aldehyde dehydrogenase 1A1 
(ALDH1A1)

0.19 0.77 0 0  -* - -

* A few data of ALDH1A1 to calculate correlation.

Table 2. Biological Targets (and Correlations) on Human Cancerous Cell Lines with High Interaction (Probability ≥ 
0.7) of p-Cymene and Its 7-Oxygenated Derivatives.

the negative control was rejected in one-way ANOVA. 
However, no compound decreased cell viability (≥ 97%) 
significantly (p ≥ 0.99, post-hoc Dunnett´s test) for 
HEK-293 and Caco-2. Only cuminaldehyde induced a 
decrease in the proliferation of MDA-MB-231 (15 ± 7%) 
and Calu-3 (31 ± 5%) cells, but significantly only for the 
latter (p = 0.068 and p < 0.001, respectively, by post-hoc 
Dunnett´s test), corroborating the activity previously 
reported for another lung adenocarcinoma line in the 
literature [7]. Notably, cuminaldehyde did not induce the 
antiproliferation of the non-malignant cell line. In view of 
both the in vitro slight induction of cuminaldehyde against 

MDA-MB-231 and the in silico prediction (Figure 3a), 
the in vitro assay was also performed at higher doses 
(100, 200, and 400 µM, six determinations each) but no 
antiproliferation was observed: cell viability of 102 ± 4%, 
110 ± 2%, and 111 ± 3%, respectively (p = 0.29, one-way 
ANOVA). The antiproliferation effect of cuminaldehyde 
on Calu-3 cells was investigated with a viability curve 
(1-300 µM, 7 points), and a dose-dependent response 
was obtained, which reached significance (p < 0.001, 
ANOVA followed by Dunnett’s test) at concentrations ≥ 
100 µM. The IC50 of 650 µM was estimated. There was 
neither enhanced apoptosis nor necrosis of Calu-3 cells 
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Figure 2. Cell Viability (mean ± SEM, n = 6) through MTT assay after 48h-Incubation without (DMSO 0.2%) and 
with the Compounds at 100 µM. Positive control: staurosporine 1 µM. Significant cytotoxicity are indicated by 
ANOVA (p-values above the means) followed by Dunnett´s test (***p < 0.001) to the negative control (DMSO 0.2%). 
Cell lines: (a) HEK-293, (b) SK-MEL-28, (c) K562, (d) Lucena, (e) Jurkat, (f) Caco-2, (g) MDA-MB-231, (h) THP-1, 
(i) U87-MG, and (j) Calu-3. 



Natália Plinio Souza et al

Asian Pacific Journal of Cancer Prevention, Vol 253520

0
0.33

0
0.12
0.18
0.28

0
0

0
0.28
0.21
0.23
0.21
0.15

0
0

0
0.23
0.23

0
0.16
0.47

0
0

0.25
0.30
0.24

0
0.21
0.20

0
0

p-C
ym

en
e

Cum
ina

lde
hy

de

Cum
ini

c a
cid

Cum
ino

l

HEK-293
SK-MEL-28

K562
Jurkat

Caco-2
MDA-MB-231

THP-1
U87-MG

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 0.94
0.57
0.47
0.48
0.54
0.50
0.37

0
0.47

0.88
0.57
0.47
0.49
0.52
0.52
0.38
0.36
0.50

0.83
0.61
0.51
0.48
0.46
0.46
0.35
0.58

0

0.88
0.72
0.62
0.56
0.55
0.54
0.50
0.24

0

p-C
ym

en
e

Cuminald
eh

yd
e

Cuminic 
ac

id

Cuminol

A2780cisR
GIST430
GIST48
CAKI-2

SK-MEL-1
SK-LU-1

RCC4
NCI-H187

OCI-AML2
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Figure 3. Heatmap on the Toxicity in silico of Human Cancer Cell Lines, Predicted Applying CLC-Pred, by the 
Compounds of the Present Study: (a) on cell lines assayed in vitro in this study; (b) of probability of Pa ≥ 0.5 when at 
least one of the compounds is active. Lucena and Calu-3 do not belong in the CLC-Pred 2.0 library. For SK-MEL-28, 
Jurkat, and MDA-MB-231, the highest probability of cytotoxicity is presented including the NCI-60 tumor cell-line 
panel. 

Total Apoptosis

0

10

20

30

40

**

A
N

XA
V+

 C
el

ls
 (%

)

Early Apoptosis

0

10

20

30

40 Control
Cuminaldehyde 100 µM

A
N

XA
V+

/P
I- 

C
el

ls
 (%

)

Staurosporine

Late Apoptosis

0

10

20

30

40

**

24h 48h

A
N

XA
V+

/P
I+

 C
el

ls
 (%

)

**

Necrosis

0

10

20

30

40

***

24h 48h

A
N

XA
V-

/P
I+

 C
el

ls
 (%

)

pANOVA 0.69 pANOVA 0.009 

pANOVA 0.042 pANOVA 0.044 

pANOVA 0.069 pANOVA 0.0052 pANOVA 0.18 pANOVA 0.0007 

Figure 4. Cell Staining Profile Apoptosis/Necrosis (104 Gated Events, Annexin V/Propidium Iodide, Dead Cell 
Apoptosis kit, mean ± SEM, n = 3) by flow cytometry analysis of Calu-3 line (2×105 cells/mL) after 24h- and 
48h-periods of incubation at 5% CO2 atmosphere and 37 °C. Negative and positive controls consisted in cells incubated 
with vehicle (blank bars) or staurosporine 0.5 μM (black bars), respectively. Significant events indicated by ANOVA 
(p values above the means) followed by Dunnett´s test (**p < 0.01 or ***p < 0.001) to the negative control. 

after treatment with cuminaldehyde at 100 µM (p > 0.05) 
for 24h and 48h, as determined by flow cytometry analysis 
(Annexin V/propidium iodide) (Figure 4). However, when 
the assay was performed with cuminaldehyde at 300 µM 
(half of the IC50), only a significant (p < 0.01, ANOVA 
followed by Dunnett´s test) but very low Calu-3 necrosis 

(10.2 ± 2.6%, Annexin V-/PI+ cells) was detected.

Prediction of cytotoxicity in cancer cell lines and 
biological targets

The potential cytotoxicity of the compounds was 
determined on CLC-Pred in terms of their Pa and Pi values 

pANOVA 0.69 pANOVA 0.009 

pANOVA 0.069 pANOVA 0.0052 

pANOVA 0.042 pANOVA 0.044 
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against cancer cell lines. According to these data, among 
cancer cell lines with Pa ≥ 0.50 for at least one of the 
substances (Figure 3b), the very low Pi (≤ 0.11) implied 
a high Pa-Pi (0.30-0.60), leading us to consider them to 
have low-to-high cytotoxic activity. Given that the server 
does not analyze ionic molecules [23], the cytotoxicity of 
sodium cuminate could not be predicted. Each compound 
had similar cytotoxic effects on six cell lines (cells, Pa): 
A2780cisR (cisplatin-resistant ovarian carcinoma, ≥ 
0.83), GIST430 (gastrointestinal stromal tumor, ≥ 0.57), 
GIST48 (gastrointestinal stromal tumor, ≥ 0.47), CAKI-
2 (kidney carcinoma, ≥ 0.48), SK-MEL-1 (metastatic 
melanoma, ≥ 0.46), and SK-LU-1 (lung adenocarcinoma, 
≥ 0.46). Specific cell lines were identified as susceptible 
to each compound (cells, Pa): p-cymene against RCC4 
(clear cell renal cell carcinoma, 0.50), cuminaldehyde 
against NCI-H187 (small cell lung carcinoma, 0.58), and 
cuminic acid and cuminol (Pa ≥ 0.47) against OCI-AML2 
(adult acute myeloid leukemia) cells.

Considering Pa ≥ 0.7 of interactions for at least one 
of the substances, the CLC-Pred indicated only twelve 
biological targets in HCCLs (Table 2). Nevertheless, no 
families were attributed predominantly as one preferential 
path. Some correlations (p = 0.08, Spearman rho = 
1.00) between Pa of these mechanisms and four of the 
potential HCCLs (Figure 3b) suggest the susceptible 
targets to cuminic acid (SCL22A2, CYP2A13, and 
DOHH) or cuminol (EBPL and HNMT) together with 
the highest affinity by p-cymene. Other significant 
correlations were not achieved (p > 0.33), but HSPA5 and 
the electrochemical transporter SLCO2B1 were pointed 
out as selective targets, respectively, to cuminol and 
concomitantly this compound and cuminic acid. 

Pharmacological and toxicity estimation
The measurements of the in silico ADMET 

properties are provided in the Supplementary Material. 
Each compound exhibited molecular and structural 
characteristics similar to those of known drugs, according 
to the Lipinski, Verber, Egan, and GSK criteria (Table S2), 
suggesting that they have the potential to be effective 
medicines. The drug-likeness indicated by Ghose, 
Pfizer, and Golden Triangle criteria were controversial. 
The compounds showed high GI absorption, except for 
p-cymene according to the SwissADME server, suggesting 
that it is difficult for this compound to be absorbed across 
the intestine after oral intake. Cuminic acid and sodium 
cuminate showed a low ability to cross the BBB according 
to the ADMETlab server (Table S3). However, in the 
BOILED-Egg (Brain Or Intestinal EstimateD) model, 
all the compounds had high GI absorption and BBB 
permeability values (Figure S3). Sodium cuminate was 
the only one predicted to be excreted effectively from the 
central nervous system (CNS) by Pgp. 

The servers indicated that none of the terpenes 
studied may be substrates or inhibitors (probability < 
70%) of 8 among 13 CYP enzymes investigated. The 
servers showed inhibitory effects (> 50% probability) 
of p-cymene (divergent results) on CYP1A2, CYP2C19 
(also cuminaldehyde and cuminol), CYP2D6 (also 
cuminol), and CYP2A13 (also cuminic acid and cuminol) 

(Table S4). p-Cymene showed acute toxicity (class I) and 
carcinogenicity. Cuminic acid and sodium cuminate may 
induce hepatotoxicity (Table S5). None of the substances 
showed a high probability (> 50%) of activity for the 
Tox21 assays.

Discussion

Given the highly divergent results obtained with our 
in silico analysis versus the in vitro data found in the 
literature on the level of antiproliferative activity of those 
compounds in the same HCCLs, an overall evaluation of 
the studies performed thus far is needed. However, only 
the activity of cuminaldehyde has been well investigated 
previously, and appropriate statistical tests were applied 
to determine the significance of the differences between 
experimental groups via ANOVA followed by a post-
hoc test [5-7, 28]. Interestingly, apart from only two 
studies, which performed the test with two experiments 
in duplicate or triplicate [1] or in sextuplicate [28], most 
of the studies were designed with few replicates, triplicate 
[2, 4-7] or duplicate [9], or did not declare the number of 
replicates [10]. Given that the pooled standard deviation 
of 9% antiproliferation was achieved in MTT assay, we 
also performed it at n = 6 to increase the power of post-hoc 
statistical tests of 78% to 97% (determined by G*Power) 
in detecting significatively (p < 0.05) at least 20% of the 
activity, and so contributing to the sensitivity.

Reviews on the in vitro cytotoxicity of p-cymene are 
found in the literature but include the ruthenium complexes 
of this compound [29]. Table 1 shows studies on the cancer 
antiproliferation of p-cymene without complexation, and 
few studies have investigated its activity. Antiproliferation 
of p-cymene and cuminic acid has been demonstrated only 
in single HCCLs, respectively, at high concentrations (IC50 
5.11 ± 0.5 mM against MCF-7) [2] or reaching IC50 6 µM 
against HepG2 without detail [11] (Table 1). 

In the present study, the HCCLs cytotoxicity of 
cuminol and sodium cuminate was investigated via in vitro 
and in silico approaches for the first time. In addition, the 
potential of cuminic acid was investigated extensively. 
The compounds were tested in vitro following a primary 
screening similar to the NCI-60 standard protocol for 
HCCL anticancer drug screening [30]. The NCI-60 
screening is initially performed at a single concentration of 
10 µM and, when toxicity is confirmed, the compound is 
tested in 5 of 10-fold dilutions up to 100 µM. Considering 
the reported absence of the p-cymene-induced toxicity 
(Table 1) in HCCLs, the single dose of 100 µM was 
primarily selected for all compounds in the present work 
and, considering the low toxic potential observed, the 
dilutions were extended to higher doses, to establish the 
IC50 values (successfully for Calu-3 but not for MDA-
MB-231). Both very low (Calu-3) or absence (other cell 
lines) toxicity at 100 µM and the high IC50 value (Calu-3) 
indeed demonstrated very low toxicity of the compounds 
against the HCCLs assayed. The antiproliferative effect 
of cuminaldehyde on Calu-3 cells was significant and 
has not been reported until now. The absence of in vitro 
activity in the other cell lines, including cuminol, cuminic 
acid, and sodium cuminate, corroborates the in silico 
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prediction that indicated that the Pa values were ≤ 0.33 
(Figure 3a). The in silico prediction showed Pa of 0.47 
of cuminaldehyde activity for MDA-MB-231, but it was 
not significantly demonstrated in vitro (p > 0.05) by the 
post-hoc test. CLC-Pred estimates Pa by the qualitative 
prediction based on 128,545 structures [24]. However, 
the prediction against an NCI-60 tumor cell-line panel 
based on the Developmental Therapeutics Program’s 
NCI-60 data demonstrated a lower Pa of cuminaldehyde 
against MDA-MB-231 (0.20) at both 1 and 10 nM, which 
is reasonable with our findings (no antiproliferation in 
vitro). Thus, a careful analysis must be considered to select 
HCCLs in future investigations, while considering Pa > 
0.50 as an example of criterion. Our results also indicated 
the absence of antiproliferation by p-cymene at 100 µM, 
corroborating most of the data in the literature for eight 
other HCCLs (Table 1).

In view of these results, it is essential to determine 
which cell lines can be more sensitive to these abundant 
natural compounds in a prospective study. In fact, 
according to the predictions obtained with the CLC-
Pred server, each compound in this study exhibited high 
cytotoxicity against A2780cisR cells (Pa ≥ 0.83). The 
antiproliferation of acyclic monoterpenes against the 
same cell line was recently reported [31], indicating that 
the activity is possibly associated with the structure of the 
monoterpene chain. 

It has been reported that cuminaldehyde significantly 
changes the expressions of both pro-apoptotic (Bax and 
Bak) and anti-apoptotic (Bcl-2 and Bcl-XL) proteins in 
treated NCI-H520 cells [6]. CLC-Pred displayed fewer 
promising potential targets of cuminaldehyde than those 
for other compounds, probably due to less information 
about aldehyde drugs involved in the bases applied for the 
prediction. The server indicated only the oxidoreductase 
ALDH1A1 as a selective target for cuminaldehyde. The 
in vitro results corroborate the low probability of being 
active against proliferation for inducing only necrosis on 
one of the nine HCCLs. Correlation analysis indicated 
three and two targets more susceptible to cuminic acid 
and cuminol, respectively, and it was possible to identify 
the HCCLs for future investigations on this selectivity. 
HCCLs with the three highest Pa of toxicity (A2780cisR, 
GIST430, and GIST48, Figure 3) were not associated 
selectively with any interactions of Pa ≥ 0.7, possibly due 
to the contribution of interactions with other targets. It is 
interesting to note the higher affinity of all compounds at 
the AAG, which may make the tumor cell more sensitive 
to alkylating anticancer agents [32], and at the RGS17, 
which positive regulation is associated with an aggressive 
cancer phenotype [33]. 

Because of the promising cancer antiproliferation of 
the compounds in this study, an in silico evaluation was 
necessary to determine their drug-likeness and ADMET 
properties. Notably, in CYPs, p-cymene and cuminic acid 
are the most and the least active compounds, respectively. 
Interestingly, lung cancer can be associated with the 
polymorphisms of CYP2A13 [34], in which selective 
high inhibition (except for cuminic acid) was emphasized 
among the preferential mechanisms of action (Table 2). 
Cuminaldehyde and cuminol presented the best ADMET 

parameters, especially with respect to drug-likeness 
properties and gastrointestinal absorption, mainly because 
they did not present high toxicity in the models evaluated, 
suggesting that these compounds among the compounds 
assayed are the most promising for oral drug development. 
Suitable formulations that increase the GI residence time 
of these compounds, as in modulation of mucoadhesion, 
can be developed especially against gastrointestinal 
stromal tumors. Otherwise, regional drug targeting in the 
gastrointestinal tract [35] may be considered a reliable 
pharmaceutical approach in other cancer therapies, given 
the moderate-to-high probability of metabolisms by 
cytochromes P450. The activity of the cuminaldehyde 
on HCCL NCI-H520 [6], as well as on the promisingly 
proposed NCI-H187 and its role as a CYP2A13 inhibitor, 
emphasizes the importance of studying it in delivery 
strategies against lung cancer, as by inhalation. 

Furthermore, sodium cuminate has demonstrated to 
be a preferable drug candidate for controlled volume 
intermittent infusions as delivery strategy because of being 
less toxic, of low BBB permeability, susceptible to Pgp 
efflux from the CNS, and its acid form showing similar 
activity to p-cymene against six of nine promising HCCLs. 

Overall, these findings can contribute to the value of 
designing forthcoming studies on the antiproliferation 
of cumin constituents derived from p-cymene, mainly 
cuminaldehyde and sodium cuminate, as promising 
compounds to fight against cancer.
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