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Abstract: Background/Objectives: Natural products are important in healthcare because of their 

accessibility and linkage to a healthy lifestyle. However, their effectiveness is uncertain due to 

insufficient scientific data. Cancer patients are frequent users of natural products to relieve symptoms 

or for chemoprevention. Eugenia uniflora leaf essential oil (EO), traditionally used for digestive 

disorders, emerges as a potential antineoplastic agent. We investigated the cytotoxic and 

antiproliferative effects of E. uniflora EO in human normal CCD 841 CoN and tumoral Caco-2 colonic 

cell lines. Methods: CCD 841 CoN and Caco-2 cells were exposed to different concentrations of E. 

uniflora EO, and the cytotoxicity was determined by MTT and Trypan Blue assays. Cell proliferation 

kinetics were analyzed at a low EO concentration, and the induction of DNA damage and oxidative 

stress was assessed by Comet and Cellular ROS assays. Results: Both cell lines exhibited cytotoxicity 

produced by the EO and decreased cell viability of the exposed cells and their progeny. CCD 841 

CoN proliferation was impaired by low EO concentration, while the proliferation kinetics of the Caco-

2 cells was modified. EO treatment induced variable DNA damage and oxidative stress depending 

on the cell line. Conclusions: Our results suggest that E. uniflora EO may prevent the proliferation of 

normal cells, inducing loss of viability. The EO produced cytotoxic and antiproliferative effects in 

tumoral cells by inducing DNA damage and increased oxidative stress. These effects support the 

consideration of E. uniflora EO (or its bioactive compounds) as a potential agent for the 

chemoprevention and treatment of colorectal cancer. 

Keywords: Eugenia uniflora; essential oil; colorectal cancer; CCD 841 CoN cells; Caco-2 cells; 

chemoprevention; chemotherapy; antiproliferative effect; cytotoxicity 
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Natural products have played a vital role in healthcare across different cultures throughout 

history. Today, nearly 80% of the global population depends on traditional medicine and natural 

products to meet their health needs. These resources are often preferred in developing countries 

because of their accessibility, affordability, and connection to local cultural practices. In contrast, in 

developed countries, their use is linked to a healthy lifestyle and a greater concern for environmental 

sustainability [1–3]. 

Nowadays, a wide variety of natural products and herbal medicines are available over the 

counter in many countries, giving rise to a growing global market for these products. Some are used 

as potential therapeutic agents for diverse diseases, and others are consumed in preventive medicine. 

However, many commercialized products are unregulated, and their effectiveness is uncertain due 

to insufficient scientific data. Patients with certain pathological conditions, such as cancer, are more 

frequent users of herbal medicines to relieve symptoms, ameliorate adverse effects from radiotherapy 

or chemotherapy, improve quality of life, and as chemopreventive agents to prevent further 

recurrence or metastasis. Nonetheless, observational studies have indicated that the concomitant use 

of natural products with cancer therapies may negatively interact, producing adverse side effects by 

lowering or neutralizing the benefits of conventional treatments [1,2,4–7]. Although the amount of 

scientific data related to the components and biological effects of many natural products and the 

clinical uses and outcomes of herbal medicine has been increasing notoriously in the last 20 years, 

more research is still needed to identify and characterize the bioactive compounds and their benefits 

and risks of their use as disease prevention and treatment. 

Cancer is one of the ten leading causes of morbidity and mortality worldwide. It constitutes a 

complex pathological and often multisystemic condition affecting any part of the human body. In 

2022, almost 20 million new cases were diagnosed (including non-melanoma skin cancer), and 9.7 

million deaths due to cancer were recorded globally [8]. Colorectal cancer (CRC), which includes 

colon, rectum, and anus, is the third most common cancer and ranks second in terms of mortality. 

Although stabilizing or declining trends of the incidence rates for all ages combined have been 

observed in high-income countries, a rise in CRC among younger adults has been reported [9,10]. 

Also, there is a striking, steady rise in the incidence rate in some regions of the world, such as Eastern 

Europe and South America [11,12]. Behavioral and dietary changes in lifestyles, especially occurring 

during early life or young adulthood, lead to an increase in the influence of risk factors such as 

increased consumption of red or processed meat, less fiber in the diet, and sedentarism [8,13]. 

In South America, numerous native plant species have been traditionally used for medicinal 

purposes [14–17]. Among them, those belonging to the Myrtaceae family are particularly noteworthy 

due to their use in traditional medicine by their antidiarrheal, antimicrobial, antioxidant, 

antirheumatic, and anti-inflammatory properties [14,18]. Within this family, Eugenia uniflora L., 

commonly known as Pitanga, is widely distributed in tropical and subtropical regions of northeastern 

Argentina, southern Brazil, and Uruguay [19,20]. Its fruits are globular berries, varying in color, with 

a bright appearance and a distinctive, intense flavor that ranges from sweet to slightly acidic. Pitanga 

fruits are rich in vitamins A and C, phosphorus, calcium, and iron [21,22]. Infusions, decoctions, and 

alcoholic extracts of the leaves are used in traditional medicine because of their diuretic, anti-

inflammatory, carminative, and antidiarrheal effects [14]. The leaf essential oil (EO) has been reported 

as possessing antifungal, antibacterial, cytotoxic, and antiparasitic activities [21,23–31]. 

E. uniflora EO has been reported to contain bioactive compounds with potential antitumor 

properties, including antioxidant capacity, apoptotic activity, and anti-inflammatory effects 

[29,32,33]. SiHa (HPV 16-positive) human cervical cancer cells treated with Eugenia uniflora leaf 

aqueous crude extract exhibit decreased viability, apoptotic cell death, and reduced migration. 

However, the same treatment does not modify the viability of normal human lymphocytes [34]. In 

addition, other studies have reported cytotoxic effects of the EO in various cancer cell lines [24]. Since 

E. uniflora EO is frequently used as herbal medicine for digestive disorders and could emerge as a 

natural product candidate to provide bioactive compounds for colon cancer therapy and prevention, 

we studied antineoplastic properties of E. uniflora leaf EO in human normal CCD 841 CoN and 
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tumoral Caco-2 colonic cells lines by determining the effect on cell proliferation kinetics, cell viability 

and induction of DNA damage and oxidative stress. Our main results present evidence of the 

cytotoxic and antiproliferative effects of E. uniflora EO in both human normal CCD 841 CoN and 

tumoral Caco-2 cell lines, as shown by the increased lethality, loss of viability, and altered 

proliferation kinetics. In addition, variable levels of DNA damage and oxidative stress were 

observed, depending on the cell line. These findings support the recognition of Eugenia uniflora as a 

promising plant species with potential for chemoprevention and treatment of CRC. This contribution 

aims to be particularly relevant in the ongoing research of bioactive compounds with antineoplastic 

properties, offering new possibilities for biotechnological applications in cancer therapy and 

preventive medicine. 

2. Materials and Methods 

2.1. Herbal Material 

Leaves of Eugenia uniflora were collected from the plant specimen VIII-7, located in the 

Introduction Garden of the Experimental Station of the Faculty of Agronomy (Universidad de la 

República) in Salto, Uruguay (GPS coordinates: 31°22'S 57°56'W). This specimen was selected to 

represent the plant population to extract the essential oil (EO). Botanical identification was carried 

out by the Botany Department of the Faculty of Agronomy, CENUR Litoral Norte, Salto. A voucher 

specimen was deposited in the herbarium of the “Museo Jardín Botánico Prof. Atilio Lombardo” in 

Montevideo, Uruguay, and identified with the catalog number E. uniflora MVJB 29158. 

Four independent collections of herbal material were carried out during Spring 2018 (October-

November) and Summer 2019 (February-March). It is worth mentioning that, in each collection, just 

enough leaves to yield the appropriate amount of EO were harvested to preserve the plant. This 

environmental aspect should be considered when using native plants as a source of potential 

nutraceutical or pharmacological agents since the uncontrolled extraction of any plant species' 

components can result in their disappearance. 

After collection, the leaves were dispersed on a flat surface and allowed to dry at room 

temperature under shaded conditions for one week. After grinding, the plant material was weighed, 

and 5600 g was used. 

2.2. Essential Oil Extraction and Solutions 

The EO was extracted by hydrodistillation using a Clevenger-type apparatus. The obtained EO 

was stored in amber glass bottles at 4°C for later use and analysis. For the biological assays, the EO 

was diluted as follows. An initial stock solution was prepared by diluting the original extracted EO 

1:10 in a 10% dimethyl sulfoxide (DMSO, Sigma, USA) solution in phosphate-buffered saline (PBS, 

Sigma-Aldrich, USA). The calculated concentration was based on the EO's mass and density (0.96 

g/mL), and appropriate dilutions were made to obtain different concentrations, as indicated in Table 

1. 

Table 1. E. uniflora essential oil (EO) dilutions from the stock solution. 

 Dilutions 

 1/2000 1/1000 1/500 1/200 1/100 

[EO] (mg/mL) 0.66 1.32 2.64 6.60 13.2 

2.3. Essential Oil Analysis: Gas Chromatography Coupled with Mass Spectrometry (GC-MS) 

GC-MS analyses were conducted using a Shimadzu QP 2020 mass spectrometer (Shimadzu 

Corporation, Kyoto, Japan) equipped with reference libraries [35–37] and a BP 20 bonded fused-silica 

capillary column (25 m × 0.25 mm i.d.), coated with a 0.25-µm-thick layer of poly(ethylene glycol) 

(SGE, Ringwood, Australia). The experimental conditions were the same as those reported by 
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Dellacassa et al. [38,39]. The temperature program was as follows: 40°C (6 min), 40-180°C at 3°C/min, 

then to 220°C at 10°C/min, 220°C (20 min); injector temperature, 250°C; carrier gas, helium at 122.2 

kPa (51.6 cm/s); injection mode, split; split ratio, 1:40; the sample volume injected was 1 μL of a 1:10 

solution in dichloromethane; the interface temperature, 250°C; energy, 70 eV; acquisition mass range, 

40-400 a.m.u. 

The EO components were tentatively identified by comparing the mass spectra of the samples 

with the data system [35–37] and based on arithmetic retention indices (LRI) of either reference 

substances or literature values. Compounds were considered tentatively identified when 

experimental and reported LRI did not differ by more than 10 units and when the similarity between 

the mass spectrum of each chromatographic peak and spectrum of the mass spectral libraries was at 

least 80%. Whenever possible, MS identification was confirmed with authentic references. The 

relative amounts of components present in the EO were expressed as percentages of the peak area of 

total chromatograms. Values less than 0.01 were considered as statistically insignificant. 

2.4. Cell Culture 

The human normal colon cell line CCD 841 CoN was purchased directly from ATCC USA (CRL-

1790), and cells were cultured in α-Minimum Essential Medium (α-MEM, Gibco, USA) supplemented 

with 10% fetal bovine serum (FBS, CAPRICORN Scientific, USA) in T25 flasks. Culture passages of 

CCD 841 CoN between +19 to +25 were used in the experiments. The human colon carcinoma cell line 

Caco-2 was kindly provided by Andrés Lisozain (Laboratory of Virology, CENUR Litoral Norte, 

Salto, Universidad de la República, Uruguay). Cells were cultured in T25 flasks (Cellstar®) containing 

nutrient medium Dulbecco's Modified Eagle's Medium (DMEM, Gibco, USA) supplemented with 

10% FBS. No antibiotic or antifungal supplements were added to the culture media. Both cell lines 

were maintained in a humidified incubator at 37°C, 5% CO2, and a stable pH of 7.40. Subconfluent 

cultures (60 - 80 % confluency) were used in all the experiments. 

Caco-2 cells were subcultured twice a week, and CCD 841 CoN cells every 6–8 days. Culture 

medium was replaced with fresh medium every 48 h for the Caco-2 and every 96 h for the CCD 841 

CoN cells. Adherent cells were washed twice with 1X PBS at pH 7.40. Cell detachment was performed 

using a 0.25% Trypsin-EDTA solution (CAPRICORN Scientific, Germany) at 37°C for 3-5 min. 

Microscopic assessment of viable and nonviable cells was performed using a 0.4% Trypan Blue 

solution (TB, Sigma-Aldrich, USA) diluted in 1X PBS, and cell counts were recorded by a 

hemocytometer. 

2.5. MTT Assay 

CCD 841 CoN and Caco-2 cell cultures that showed greater than 95% cell viability were used. In 

96-well plates, 3.0 x 104 cells/well of CCD 841 CoN and 1.6 x 104 cells/well of Caco-2 were seeded in a 

final volume of 100 μL of culture medium in triplicate, and plates were incubated at 37°C, 5% CO2. 

After 24 h, E. uniflora EO was added at different concentrations, and cells were incubated for 14 h at 

37°C and 5% CO2. Cells in culture media without EO were used as untreated negative controls. Cells 

treated with 1% DMSO as solvent control, and blanks of culture medium, DMSO, and Pitanga extract 

were included in the 96-well plates. Three repeats of controls, blanks, and treatments were done. 

After treatment, cells were washed with 1X PBS, and 100 μL of MTT (3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) stock solution (5 mg/mL in 1X PBS and 1,1 M glucose) was 

added to allow the formation of formazan crystals by viable cells, as described by Mosmann et al. 

[40]. After 4 h of incubation at 37°C and 5% CO2 in the dark, the optical density (O.D.) was measured 

using an ELISA plate reader at a 540 nm wavelength. The survival fraction was calculated using the 

equation: 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =  
 𝑂. 𝐷. 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑂. 𝐷. 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 𝑥 100 
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2.6. Trypan Blue Viability Assay 

In 6-well plates, 5.0 x 104 cells/well were seeded in α-MEM + 10% FBS (CCD 841 CoN) or DMEM 

+ 10% FBS (Caco-2), and incubated in a humidified atmosphere of 5 % CO2 at 37°C. One 6-well plate 

was prepared for each time point. After 24 h, E. uniflora EO was added to each well at the following 

concentrations: 0, 0.66, 1.32, 2.64, 6.60, and 13.2 mg/mL. After 0, 4, 8, 12, 16, 20, 24, 28, and 32 h of 

incubation, cells were harvested by trypsinization and centrifuged. Cell pellets were resuspended in 

1X PBS, and 100 μL of the cell suspension was mixed with 10 μL of 0.4% TB solution for counting in 

a hemocytometer [41]. At least three independent experiments were performed. The unstained cells 

were counted as viable cells, while the blue-stained cells were counted as dead. The percentage of 

cell viability was calculated according to the following equation: 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟
 𝑥 100 

2.7. Assessment of Cell Proliferation Kinetics 

To determine the proliferation kinetics of CCD 841 CoN cell line, 2.0 x 105 cells/plate in α-MEM 

+ 10% FBS were seeded in 60 mm Petri dishes (2 dishes per time point). Due to the slow growth of 

this cell line, the culture medium was replaced every 96 hours. To study Caco-2 cells, 60 mm Petri 

dishes (2 dishes per time point) were seeded with 6.4 x 104 cells/plate in DMEM + FBS and incubated 

in a humidified environment at 5% CO2 and 37°C for the duration of the study. Culture medium was 

replaced every 48 h with fresh medium. 

CCD 841 CoN cell proliferation was monitored for 17 days, and Caco-2 proliferation was 

observed for up to 14 days by tracking the increase in cell number as a function of time. At each time 

point, cells were harvested by washing and trypsinization. Cell pellets were resuspended in 3 mL of 

1X PBS, and 100 μL of this cell suspension was mixed with 10 μL of 0.4% TB solution for counting 

viable cells. 

To assess the effect of E. uniflora, the proliferation kinetics of both cell lines -CCD 841 CoN and 

Caco-2- treated with the EO were studied at a concentration of 0.66 mg/mL. The selection of the EO 

concentration was based on the results obtained from the MTT assay, which indicated the 

concentration that yields the lowest lethality. 

The analysis of cell proliferation kinetics was performed by applying the following logistic 

model of cell population growth: 

𝑁(𝑡) =  
𝑁𝑚𝑎𝑥

1 + 𝑒
− ln 2

𝐷𝑇⁄  (𝑡− 𝑡1 2⁄ )
 

where N(t) corresponds to the number of cells/mL quantified at time t; Nmax corresponds to the number 

of cells/mL observed in the stationary phase of growth; DT corresponds to the cell doubling time; t1/2 

corresponds to the time it takes for the cell population to reach half of Nmax. The lag phase time (tlag) 

represents the time required for the cell population to initiate proliferation [42]. 

2.8. DNA Damage Assay 

DNA damage was evaluated in cultured cells of both cell lines using the single-cell gel 

electrophoresis, or Comet assay [43]. Briefly, control and treated samples containing 1.5 x 105 cells 

were embedded in 0.75% low-melting point agarose (Invitrogen, USA) and then plated onto a slide 

coated with 1% running agarose (SeaKem Agarose, Lonza, USA). Cell samples treated with 

Bleomycin 40 𝝻g/mL for 2 h were used as a positive control. Once solidified, the slides were treated 

with detergents and high ionic strength solutions to remove lipids, carbohydrates, and proteins, 

leaving only DNA molecules whose strands were separated due to the alkaline lysis buffer treatment 

(lysis buffer: 2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, NH2C(CH2OH)3 • HCl and NaOH to 

adjust the pH to 10, then 1% Triton-X-100 and 10% DMSO were added; Sigma, USA). The slides were 

placed in a horizontal electrophoresis tank with alkaline running buffer (0.3 M NaOH, 1 mM EDTA) 

at 4°C. The running parameters were 15 V and 280-300 mA (voltage: 1 V/cm) for 20 min. Once the 

electrophoresis was completed, the slides were placed in the neutralization buffer (0.4 M Tris, pH 
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7.50) and stained for 3 min with 6 mg/mL DAPI. Images were obtained using a Nikon Eclipse Ts2R 

inverted epifluorescence microscope with a 361-389/435 nm UV filter at 400X magnification. 

2.9. Reactive Oxygen Species Detection Assay 

CCD 841 CoN and Caco-2 cells were cultured in 96-well culture plates by adding 200 μL/well of 

a 1.5 × 104 cell suspension in α-MEM + 10% FBS or DMEM + 10% FBS, pH 7.40, respectively. The cells 

were incubated at 37°C, 5% CO2 for 24 h to allow adhesion. To detect Reactive Oxygen Species (ROS) 

in both cell lines, the Cellular ROS Assay Kit (ab186027, Abcam, USA) was used according to the 

manufacturer's recommended instructions. Treated cells were exposed to different concentrations of 

E. uniflora EO (0 ≤ [EO] ≤ 13.2 mg/mL) for 2 h. Hydrogen peroxide (200 μM) was used as a positive 

control for ROS production. The presence of ROS in control and treated samples was quantified by 

measuring the increase in fluorescence at 540 nm using a microplate reader. 

2.10. Statistical Analysis 

Data from at least three independent experiments are presented as mean ± Standard Error of the 

Mean (S.E.M.). Graphs were obtained using the statistical program SigmaPlot v.15.0, and where error 

bars were not shown, they were smaller than the size of the symbol. Significance calculations using 

the t-test were made using SigmaPlot. In all cases, statistically significant differences were considered 

when p < 0.05. 

3. Results 

3.1. Chemical Characterization of E. uniflora EO 

The E. uniflora EO extracted by hydrodistillation was chemically analyzed by GC-MS. The 

average EO yield of the hydrodestillation process was 0.98 % (v/w). Forty-nine compounds were 

identified, representing 95.51% of the total, of which 12 were monoterpenes (4.21 %) and 33 

sesquiterpenes (91.18 %) (Table 2). The main sesquiterpenes were hydroxycalamenene (41.04 %), δ-

cadinene (18.73 %), and τ-muurolol (12.72 %). 

Table 2. E. uniflora EO chemical compounds identified by GC-MS. 

LRI1 Compound2 % LRI compound % 

1082 Hexanal 0.01 1666 α-Humulene 0.07 

1110 β-Pinene 0.01 1668 γ-Gurjunene 0.06 

1122 Sabinene 0.01 1699 Bicyclogermacrene 0.02 

1162 α-Terpinene 0.01 1682 β-Humulene 0.13 

1167 α-Phellandrene 0.01 1684 trans-β-Guaiene 0.01 

1169 Myrcene 1.10 1686 β-Chamigrene 3.71 

1198 Limonene 0.25 1688 Zonarene 0.48 

1209 β-Phellandrene 0.26 1689 γ-Muurolene 5.22 

1239 2-Pentylfuran 0.01 1708 Germacrene D 0.22 

1250 trans-β-Ocimene 0.71 1720 α-Cadinene 0.41 

1234 cis-β-Ocimene 1.82 1722 Viridiflorene 0.71 

1270 p-Cymene 0.03 1723 α-Muurolene 0.55 

1282 Terpinolene 0.03 1746 cis-Muurola-3,5-diene 0.41 

1351 1-Hexanol 0,01 1755 d-Cadinene 18.73 

1351 allo-Ocimene 0.01 1806 Germacrene B 0.55 

1380 (Z)-3-Hexen-1-ol 0.07 1808 trans-Calamenene 0.02 

1460 α-Cubebene 0.06 1818 cis-Calamenene 0.27 

1523 β-Bourbonene 0.03 1918 β-Calacorene 0.06 
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1600 Guaia-6,9-diene 0.03 1901 α-Colacorene 0.05 

1626 β-Copaene 0.59 1930 Palustrol 0.01 

1636 trans-Caryophyllene 0.23 2082 Globulol 0.54 

1637 Aromadendrene 0.17 2089 Viridiflorol 3.85 

1642 trans-Muurola-3,5-diene 0.17 2185 τ-Muurolol 12.72 

1652 α-Guaiene 0.01 2325 Hydroxy calamenene 41.04 

1658 γ-Elemene 0.05    

    Total 95.51 

1Linear retention index based on a series of n-hydrocarbons reported according to their elution order on 

Carbowax 20M; 2Identity tentatively assigned by comparing mass spectra with those obtained from the literature 

[35–37]. 

3.2. Microscopic Morphology of Colonic Cell Lines 

Microscopic observation of the normal CCD 841 CoN cell culture under optimal conditions 

showed elongated cells that grew disorganized, resulting in a monolayer 7 days after seeding (168 h) 

(Figure 1A). Tumoral Caco-2 cells, on the other hand, exhibited a polygonal appearance, and the 

culture formed an organized monolayer 144 h after seeding (Figure 1B). 

 

Figure 1. Microphotographs of normal CCD 841 CoN (A) and tumoral Caco-2 (B) cell cultures, grown and 

maintained under optimal conditions, captured at 20X magnification. 

3.3. Evaluation of the Cytotoxic Effect of E. uniflora EO on Cell Lines 

To study the cytotoxic effect of E. uniflora EO on the normal CCD 841 CoN and tumor Caco-2 

colonic cell lines, the survival fraction to different concentrations of EO (0, 0.66, 1.32, 2.64, 6.60, and 

13.2 mg/mL) was determined by the MTT assay (Figure 2). 
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Figure 2. Cell survival of colonic cell lines as a function of the concentration of E. uniflora EO. Dose-response 

survival curve of normal CCD 841 CoN (⚪) and tumor Caco-2 (▽) cells exposed for 14 h to different 

concentrations of EO in nutrient medium. The S.E.M. intervals are included in the figure. 

The dose-response curve for the normal colon cell line CCD 841 CoN, presented in Figure 2 as 

an open circle, showed that the lowest concentration of EO tested ([EO] = 0.66 mg/mL) did not 

significantly modify the survival compared to the control. Cell lethality increased exponentially at 

higher concentrations, reaching about 1% survival fraction at [EO] = 2.64 mg/mL and remained 

unchanged thereafter. It should be noted that cell survival decreased 40-fold when the EO 

concentration doubled from 1.32 mg/mL to 2.64 mg/mL. 

The survival curve for the tumoral cell line Caco-2 (Figure 2, triangle down) exhibited an 

exponential decrease with two components. The initial exponential component, characterized by the 

steepest slope, was observed up to [EO] = 2.64 mg/mL, where cell survival was 4.5%. At higher EO 

concentrations, the slope decreased, with cell survival dropping to 1% at the highest tested dose, [EO] 

= 13.2 mg/mL. 

The MTT assay provided a snapshot of the cell lethality induced by a continuous 14-hour 

exposure to EO at the end of the treatment. However, it did not determine whether surviving cells 

might exhibit delayed lethality after treatment. To investigate the time course of the cytotoxic effects 

of the EO, cell viability was assessed over the exposure period to [EO] = 0.66 mg/mL, the lowest tested 

concentration. Briefly, cells were seeded in 6-well culture plates and exposed to this concentration for 

32 hours. The numbers of viable and nonviable cells were recorded at regular intervals, and cell 

viability was calculated. 

Figure 3A shows that the total cell count of the EO-treated Caco-2 culture decreased up to 14 h, 

followed by a transient 2-fold increase at 24 h, and then decreased again until the end of the assay. 

The cell viability, calculated at the same time points (Figure 3B), decreased as a function of time, 

reaching a minimum at 20 h, followed by an increase at 24 h, which coincided with the peak in cell 

number. After this time point, the cell viability, as the cell count, decreased. 
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Figure 3. Cell viability time course of the Caco-2 tumor cell line treated with 0.66 mg/mL of EO. (A) Total number 

of cells (viable and nonviable) as a function of time; (B) Percentage of cell viability calculated using the data 

presented in (A) at the same time points. 

To test whether the decrease in cell viability observed in Caco-2 tumor cell cultures continuously 

exposed to [EO] = 0.66 mg/mL was due to effects on the cell progeny, the proliferation capability was 

evaluated after treatment removal by scoring the total number of cells. Cells were counted 

immediately after 24 h or 48 h EO treatments. Also, cell counts were scored after removing EO 

treatments and incubating cells under optimal culture conditions for 72 h. Figure 4 shows that the 

number of cells in the culture decreased 25% when the duration of the treatment increased from 24 

to 48 h (p = 0.03). Cell counts after the post-treatment incubation without EO for 72 h showed a 2.6-

fold increase for the 24 h EO treatment (p = 0.006) and 1.8-fold for the 48 h one (p = 0.006). The 

difference in proliferation observed with increasing exposure time to the EO was significant (p = 

0.008). Therefore, the EO treatment duration affected the progeny of treated cells, decreasing their 

proliferation capacity. 
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Figure 4. Effect of the E. uniflora EO on the progeny of Caco-2 cells treated with [EO] = 0.66 mg/mL during 24 or 

48 h. Cells were scored immediately after EO treatment (black bars) or after incubation for 72 h under optimal 

conditions without EO (white bars). Data from at least 3 independent experiments are included. Asterisks 

indicate significant differences between samples and treatments, p < 0.05. 

After 48 h of EO treatment (0.66 mg/mL), the microscopic observation of both cell lines showed 

striking differences (Figure 5). While the CCD 841 CoN image shows cells with clearly altered 

morphology (compare Figures 1A–5A), the Caco-2 showed both long adherent and rounded cells in 

suspension (compare Figures 1B–5B). 

 

Figure 5. Microphotographs of CCD 841 CoN (A) and Caco-2 (B) cells treated with 0.66 mg/mL of E. uniflora EO 

for 48 h (40X magnification). 

3.4. Cell Proliferation Kinetics of CCD 841 CoN and Caco-2 Cell Lines 

The potential antiproliferative effect of E. uniflora EO was investigated by assessing the 

proliferation kinetics of CCD 841 CoN normal colon cells and Caco-2 tumor cells without and with 

EO treatment. 

As shown in Figure 6A,B, the proliferation kinetics of CCD 841 CoN and Caco-2 were studied 

under optimal conditions for 17 and 14 days, respectively, and the calculated parameters are 

presented in Table 3. The observed differences in the proliferation kinetics between the CCD 841 CoN 

and Caco-2 cell lines are consistent with the normal and tumoral characteristics, respectively. The 

kinetics of the Caco-2 tumor cell line, as compared to the normal CCD 841 CoN, presented a steeper 

slope of the exponential phase, indicating faster proliferation. The analysis of the proliferation 

kinetics parameters showed that the Caco-2 tumor cell line reached the stationary phase with a cell 

number 8.2 times higher than the normal cell line CCD 841 CoN. The half-time (t1/2) values for Caco-

2 and CCD 841 CoN were 168 h and 309.5 h, respectively. Regarding the tlag, it was 5.5 times higher 

in the normal cell line than in the tumoral one. 
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Figure 6. Proliferation kinetics of the CCD 841 CoN (A) and the Caco-2 (B) under optimal growth conditions and 

the corresponding cell viability determined at each time point (C). The number of cells per mL (N) as a function 

of time for CCD 841 CoN was recorded up to 400 h due to slow growth. The grey lines in (A) and (B) correspond 

to the curve fitting based on the logistic growth model indicated in Materials and Methods. The dotted lines in 

(C) indicate 95 % confidence intervals for the normal colon cell line CCD 841 CoN (◯) and the tumor cell line 

Caco-2 (▽). Mean values ± S.E.M. are included in the figures. 

Table 3. Proliferation kinetics parameters of the CCD 841 CoN and the Caco-2 cell lines without and with 

treatment with E. uniflora EO ([EO] = 0.66 mg/mL). Means of at least 3 experiments ± S.E.M. are presented. 

Cell viability was monitored throughout the proliferation study using the TB staining method. 

Under optimal culture conditions, cell viability remained above 85% throughout the observation 

period in both cell lines. However, the Caco-2 tumor cell line exhibited higher cell viability (greater 

than 95%) than the normal cell line CCD 841 CoN (Figure 6C). 

To study the effect of E. uniflora EO on cell proliferation, and based on the previous survival 

results, the lowest concentration of EO (0.66 mg/mL) that allowed the highest cell survival was 

selected to assess the proliferation kinetics. Treated Caco-2 cells showed proliferation up to 11 days, 

and afterward, the number of cells declined progressively (Figure 7A). A slower kinetics was 

evidenced by a lower maximum number of cells (Nmax) reached before the decline phase, a 3.5-fold 

increase in DT, and an increase in t½ from 168.0 h to 225.0 h. It was striking that, despite a decrease in 

proliferation, the lag phase (tlag) decreased to 0 (Table 3). Simultaneously with the quantification of 

the proliferation kinetics, Caco-2 cell viability was evaluated as a function of time (Figure 7B). Cell 

viability was not notably affected until 200 h of the proliferation study, after which it began to decline 

with a steep slope. 

 

Figure 7. Proliferation kinetics (A) and cell viability (B) of the Caco-2 tumor colon cell line treated with 0.66 

mg/mL of EO added to the culture medium. Mean values ± S.E.M. are included in the figures. 

 Nmax (cells/mL) DT (h) t1/2 (h) tlag (h) 

Control CCD 841 

CoN 
1.0x106 ± 1.5x105  57.9 ± 8.9 309.5 ± 30.8 66.0 ± 3.0 

Control Caco-2 8.2x106 ± 2.8x105 17.1 ± 3.0 168.0 ± 5.1 12.0 ± 0.6 

Treated Cado-2 5.2x106 ± 2.6x105 60.0 ± 3.0 225.0 ± 11.3 0 
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In the case of CCD 841 CoN, it was not possible to obtain a proliferation curve since immediately 

after the exposure to the EO, the cells presented nonviable characteristics, with notorious cell death 

observed after 48 h of incubation, making it not possible to perform subsequent counts (Figure 5B). 

3.5. DNA Damage Produced by the E. uniflora EO 

DNA damage induced by E. uniflora EO in CCD 841 CoN and Caco-2 cells was assessed using 

the Comet assay. Figure 8 shows DAPI-stained images of control and EO-treated cells of CCD 841 

CoN (A and B, respectively) and Caco-2 (C and D, respectively). Cells treated with bleomycin, a 

radiomimetic antitumor antibiotic that produces single and double DNA strand breaks and base loss, 

thus inducing DNA fragmentation [44], were used as a positive control (Figure 8E). The image of 

treated CCD 841 CoN (Figure 8B) shows amorphous cell structures and inhomogeneous staining, 

characteristic of extensive cell destruction. In comparison, Figure 8D shows the images of comets 

formed by the migration of DNA fragments from the nucleus due to strand breaks produced by 0.66 

mg/mL of EO in Caco-2 cells. 

 

Figure 8. DNA damage produced by E. uniflora EO in the CCD 841 CoN and Caco-2 cell lines determined using 

the Comet assay. Microphotographs of CCD 841 CoN cells untreated (A) and treated with 0.66 mg/mL of E. 

uniflora EO for 14 h (B); Caco-2 cells untreated (C) and treated with 0.66 mg/mL of EO for 14 h (D). (E) Positive 

control: Caco-2 cells treated with 40 µg/mL of bleomycin. 

3.6. Oxidative Stress Produced by E. uniflora EO 

To investigate whether E. uniflora EO produces modifications in the level of oxidative stress that 

may be one possible molecular mechanism underlying the lethal and antiproliferative effects, the 

levels of ROS induced by treatment with different concentrations of EO were determined in CCD 841 

CoN and Caco-2 cells at 2 h after treatment using the Cellular ROS Assay Kit. In the normal colon cell 

line CCD 841 CoN (Figure 9, white bars), the ROS levels increased significantly at the highest 

concentration of EO (p = 0.0002). At lower EO concentrations, no significant ROS level variation was 

observed. In the Caco-2 cell line, the ROS levels increased with the EO concentration (Figure 9, striped 

bars). Significantly higher fluorescence values were observed in the tumoral cell line compared to the 

CCD 841 CoN at all EO concentrations tested. Interestingly, the spontaneous levels of ROS ([EO] = 0 

mg/mL) were similar in both normal and tumor cell lines (p = 0.574). 
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Figure 9. ROS levels induced in normal colonic cells CCD 841 CoN (white bars) and tumoral Caco-2 cells (striped 

bars) by treatment with different concentrations of E. uniflora EO for 2 h. Measurements were made 2 h post-

treatment with EO. Single asterisks in each cell line indicate significant differences between untreated and 

treated samples. Double asterisks indicate significant differences in ROS levels between CCD 841 CoN and Caco-

2 cell lines (p < 0.05). 

4. Discussion 

Cancer—in particular colorectal cancer—represents a significant global public health concern, 

contributing to high mortality rates, substantial morbidity, and considerable socioeconomic burdens 

[8,10]. This worldwide health challenge demands innovative research to develop new tools for 

prevention, rapid diagnosis, and effective treatment of the disease. Natural products have been used 

to treat diseases for centuries in various cultures. Nowadays, societal cultural changes are leading to 

an increased interest and appreciation for natural products, particularly in health and wellness. Also, 

a shift towards more natural and sustainable practices, including traditional healing systems and 

herbal remedies, has occurred, especially in developed countries. From the scientific point of view, 

natural products are well-recognized sources of bioactive compounds with various biomedical 

applications [45–47]. 

The native plant Eugenia uniflora (Pitanga), traditionally used in South America to treat various 

health-related issues, including gastrointestinal diseases, emerges as a good candidate to identify 

biological compounds with potential chemopreventive and chemotherapeutic properties. Several 

studies on E. uniflora leaf extracts have shown antimicrobial activity [48,49], antioxidant capacity [33], 

and a few lines of evidence have specifically reported possible anticarcinogenic effects [24,34]. To 

gain more insight into the use of E. uniflora as a natural herbal remedy for digestive disorders and to 

investigate the antineoplastic potential of E. uniflora leaf essential oil in colorectal cancer, the 

immediate and delayed cytotoxicity and the effect on cell proliferation were studied in normal CCD 

841 CoN and tumoral Caco-2 colonic cell lines. 

To evaluate the cytotoxic effects of the E. uniflora EO, the cell survival and viability were assessed 

by MTT assay and Trypan Blue staining in both CCD 841 CoN and Caco-2 cell lines upon treatment 

with different concentrations of the EO. The dose-response survival curve (Figure 2) shows that the 

E. uniflora EO produced lethal effects on both normal and tumoral cells in a concentration-dependent 

manner. In the case of the normal CCD 841 CoN cells, no significant lethality was observed at the 

lowest concentration ([EO] = 0.66 mg/mL). However, the cell viability of the cell culture was severely 

compromised, as observed upon microscopic inspection. The comparison of the microscopic image 

of CCD 841 CoN cells incubated under optimal conditions to that of EO-treated cells clearly showed 
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drastic cell morphological changes, including variable cell shape modifications, cell disruption, and 

nuclear condensation, which are typical indicators of apoptosis or necrosis and therefore of nonviable 

cells (compare Figures 1A–5A). This high cytotoxic effect of the EO in the normal human colonic cell 

line was unexpected since the MTT results showed no lethality. It should be noted that MTT 

assessment of cell health constitutes a snapshot of functioning mitochondria after 14 h of EO 

exposure. However, the microscopic observation was performed after incubating the cells with EO 

for 48 h. In vitro and in vivo studies have shown that E. uniflora EO does not affect normal cells, as 

demonstrated by the lack of viability loss in normal human lymphocytes [34] and also the absence of 

animal lethality after oral administration to rodents [24,29,33,50]. A possible explanation for the 

observed cytotoxicity in the present study could be that EO treatment was performed in proliferating 

non-confluent CCD 841 CoN cultures, where cells were actively cycling. Considering this 

interpretation, this result suggests that the possible underlying mechanism involved in Pitanga EO 

effects could be related to cell proliferation. 

To confirm the lethality produced by low EO concentrations in the Caco-2 tumor cell line and to 

assess the time course of the cytotoxic effect, the cell viability was determined as a function of 

exposure time to [EO] = 0.66 mg/mL, using the Trypan Blue assay (Figure 3). An initial decrease in 

the cell count (Figure 3A) and viability (Figure 3B) was observed. It should be noted that the viability 

fell below the value at t = 0 after a brief increase. Based on this result, the effect of the EO treatment 

on the cell progeny was evaluated, assessing the proliferation capability of cells after 72 h in optimal 

conditions post-treatment removal. Figure 4 shows a significant decrease in the number of cells after 

a 48 h EO treatment compared to the 24 h one, evidencing that longer exposures decrease the 

proliferation capacity of the progeny. The microscopic observation of Caco-2 cells incubated under 

optimal conditions showed a polygonal appearance (Figure 1B). However, after the 48 h low EO 

concentration treatment, the culture appearance changed, exhibiting both long adherent and 

suspended rounded cells (Figure 5B). Our results are in agreement with other studies, where E. 

uniflora EO cytotoxicity was observed in various tumoral cell lines, including MCF-7 (breast), HCT-

116 (colon), AGP-01 (malignant gastric ascites), and SKMEL-19 (melanoma), even at low 

concentrations [24,51,52]. 

Dysregulated cell proliferation is one of the hallmarks of carcinogenesis [53]. As a step toward 

determining the potential chemopreventive and/or therapeutic properties of E. uniflora EO in CRC, 

we studied the effect of this EO on cell proliferation. The analysis of the proliferation kinetics under 

optimal culture conditions of normal CCD 841 CoN and Caco-2 cell lines (Figure 6A,B, Table 3) 

showed that, as expected, the tumoral Caco-2 cell proliferation was faster and reached a higher 

number of cells in the stationary phase compared to normal CCD 841 CoN cells. Also, the cell viability 

determined during cell proliferation (Figure 6C) evidenced the tumoral characteristic of the Caco-2 

cell line, showing higher viability than the normal CCD 841 CoN throughout the proliferation study. 

To study the potential antiproliferative effect of E. uniflora EO, the lowest concentration of EO 

(0.66 mg/mL) that ensures maximum cell survival was selected. Interestingly, although the CCD 841 

CoN cell line exhibited 100% survival upon treatment with [EO] = 0.66 mg/mL, the proliferation was 

impaired, and no viable cells were observed (Figure 5B). In the case of the tumoral Caco-2 cells, and 

unlike the normal CCD 841 CoN, the analysis of the proliferation kinetics and cell viability upon E. 

uniflora EO treatment (Figure 7A,B, Table 3) evidenced that the prolonged exposure to a low 

concentration of EO produced the progressive loss of cell viability, contributing to a slower 

proliferation kinetics and the decline phase observed after 11 days. This finding confirms the 

modification of the proliferation capability of the progeny shown in Figure 4. 

Several studies have reported antiproliferative effects of the Eugenia sp extracts or their single 

chemical components in cancer cells, assessed by cytotoxicity assays, such as MTT and apoptosis 

determinations [24,54–56]. To our knowledge, cell proliferation kinetics studies using normal and 

tumoral human colon cell lines and their comparison have not been reported. Our findings 

demonstrate that the E. uniflora leaf EO affects cell proliferation, producing lethal events and probably 

altering the cell cycle. In the chemical characterization of the Pitanga EO, 49 compounds were 
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identified (Table 2), of which 12 were monoterpenes and 33 sesquiterpenes, mainly 

hydroxycalamenene, δ-cadinene, and τ-muurolol. Various monoterpenes and sesquiterpenes with 

anti-inflammatory, antioxidant, and antiproliferative properties were confirmed. Myrcene combined 

with other monoterpenes, such as β-pinene, has been shown to inhibit colon carcinoma 

tumourigenesis in in vivo and in vitro assays [57]. Other monoterpenes detected, such as terpinolene 

and limonene, have been proposed as potential anticarcinogenic agents, both as chemopreventives 

and chemotherapeutics [58–61]. Among the sesquiterpenes, calamenene inhibits the cell proliferation 

of various human tumor lines, including lung (A549), breast (MCF7), liver (HepG2), cervical (HeLa), 

and prostate (PC-3) cancer cells [62]. Also, δ-cadinene acts by inhibiting ovarian cancer cell 

proliferation through cell cycle arrest and induction of apoptosis [63]. Little information is available 

on the biological effects of τ-muurolol, although anti-inflammatory and antioxidant properties have 

been reported in EOs containing it [64]. 

To explore further the possible mechanisms underlying the cytotoxic and antiproliferative 

effects of E. uniflora EO, the induction of DNA damage and oxidative stress was assessed by Comet 

assay and Cellular ROS assay, respectively. Our results showed genomic damage in the normal CCD 

841 CoN and Caco-2 cell lines, as revealed by the observation of DNA fragmentation, even at low 

doses (Figure 8). In agreement with the CCD 841 CoN cell viability results, extensive cell destruction 

was observed in the EO-treated samples (compare Figure 8A,B). In treated Caco-2 cells, DNA damage 

was also observed, as shown by the presence of comet tails images (Figures 8C,D); however, the 

overall DNA fragmentation was less dramatic than that of normal cells. 

It is known that in normal cells, the concentration of ROS remains low and is regulated by 

antioxidant defenses. In tumor cells, an imbalance occurs that leads to an increased demand for ROS 

during proliferation. However, increased oxidative stress can also generate genomic alterations, 

leading to apoptosis and cell death. Therefore, increasing oxidative stress may constitute an 

antineoplastic mechanism [65]. The determination of the ROS levels as a function of the concentration 

of E. uniflora EO in CCD 841 CoN cells showed a significant increase only at the highest concentration 

tested ([EO] = 13.2 mg/mL) (Figure 9, white bars). This result indicates that the detrimental effect of 

the Pitanga EO on normal CCD 841 CoN cells' cytotoxicity and viability is unlikely to be related to 

an increase in oxidative stress. In contrast, Caco-2 cells exhibited a significant increase in oxidative 

stress as a function of the EO concentration (Figure 9, striped bars), thus contributing to the 

detrimental effect on cell viability. Research on Drosophila melanogaster indicates that exposure to E. 

uniflora EO can increase ROS production, lipid peroxidation, and alterations in antioxidant enzyme 

activity [66,67]. Ascari et al. [51] reported pro-oxidative effects and cytotoxicity of two compounds 

isolated from E. uniflora leaf extract in A549 lung adenocarcinoma epithelial cells and IMR90 human 

lung fibroblasts. In the same line of evidence about the role of the EO in ROS induction, several 

studies have demonstrated that E. uniflora EO increases the antioxidant cellular defenses such as 

glutathione and superoxide dismutase [24,33], suggesting that the EO triggers ROS production, 

leading to the induction of an antioxidant cellular response. 

5. Conclusions 

In conclusion, the present study shows evidence of the cytotoxic and antiproliferative effects of 

Eugenia uniflora essential oil in human normal CCD 841 CoN and tumoral Caco-2 cell lines. Even 

exposure to low concentrations of EO produced lethality and loss of viability of the treated cells and 

their progeny. Correspondingly, the detrimental effect on cell proliferation, DNA damage, and 

oxidative stress production in both cell lines led to the consideration of this essential oil as a potential 

antineoplastic agent. Our results suggest that the E. uniflora EO may prevent the proliferation of 

normal cells, as shown by the loss of viability when proliferating and the lack of proliferation of the 

EO-treated human CCD 841 CoN colonic cells. Moreover, the cytotoxic and antiproliferative effects 

of the EO on the treated tumoral Caco-2 cells support the need for further investigation to consider 

the E. uniflora EO as a whole or their isolated bioactive compounds as antineoplastic therapeutic 

agents. 
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