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Abstract

It has been reported that dodecanoic acid (DDA) exerts anticancer effects on cancers of the reproductive
system and digestive system. However, its role in liver cancer and its potential mechanism have rarely been
defined. Therefore, in this study, Hepa 1-6 liver cancer cells were incubated with different DDA
concentrations (0.1, 0.3, 0.5, 1, 2, 4 mM) for 24, 48 and 72h, and the optimal DDA concentration was
determined via a cell viability test. Apoptosis and cell cycle distribution were determined by flow cytometry.
SOD activity, mitochondrial membrane potential (MMP), ATP, GSH and ROS levels were measured by
commercial assay kits; Bcl-2, Bax and Caspase-3 protein levels were analyzed by western blot. The results
showed that 0.5 mM DDA decreased cell viability in a time-dependent manner, so this concentration was
used to investigate how DDA leads to Hepa 1-6 cell apoptosis. After treatment with DDA, a significant, time-
dependent increase in the cell apoptotic rate was detected despite the accumulation of S-phase cells. The
increased ROS levels and decreased GSH levels and SOD activity in DDA-treated cells indicated the occurrence
of oxidative stress. Mitochondrial dysfunction was evidenced by a decreased MMP and reduced ATP levels.
Cell apoptotic death via the mitochondrial pathway was indicated by a reduced Bcl-2/Bax ratio and increased
caspase-3 protein levels. It can be concluded that DDA can effectively trigger liver cancer cell death by
inducing oxidative stress and disrupting mitochondrial function. These findings provide new insight into the
potential mechanism of action of DDA in liver cancer.
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1. Introduction

Liver cancer is a highly prevalent malignancy worldwide and ranks sixth in cancer incidence and
second in mortality among highly lethal tumors, with more than half of the total deaths occurring in China
(Fuand Wang 2018). The etiologies of liver cancer are diverse, with obesity, chronic liver disease and alcohol
consumption being the main risk factors (Colombo and Lleo 2018; Cowppli-Bony et al. 2019). For instance,
obesity leads to fat accumulation in the liver, which may initiate nonalcoholic fatty liver disease (NAFLD),
causing inflammation and fibrosis that can further develop into liver cancer (Polyzos et al. 2019). Studies
have shown that the risk of liver cancer development in NAFLD patients is significantly increased, which may
be associated with mechanisms such as insulin resistance, chronic inflammation and oxidative stress
(Petersen and Shulman 2018; Gabbia et al. 2021). Additionally, chronic liver diseases such as hepatitis C and
B also substantially contribute to liver inflammation, fibrosis and ultimately liver cancer (Colombo and Lleo
2018). Furthermore, alcohol consumption increases the risk of liver cancer, with long-term heavy drinking
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potentially causing liver damage and liver cancer occurrence (He et al. 2021).

Despite significant advancements in the diagnosis and treatment of liver cancer, there are still some
issues to be solved. Specifically, liver cancer is a malignant tumor with a high degree of malignancy, easy
metastasis and rapid relapse, thus leading to poor treatment outcomes (Anwanwan et al. 2020). Traditional
treatment modalities for liver cancer, including chemotherapy and radiotherapy, not only have severe
cytotoxic effects on tumor cells but also cause accompanying damage to normal cells or organs (Gao et al.
2019). Moreover, massive genomic variation in liver cancer easily causes tumor cells to develop resistance to
chemotherapy drugs, leading to treatment failure (Nia and Dhanasekaran 2020). As expected, more precise
cancer treatments, such as immunotherapy and gene therapy, might be employed to improve therapeutic
efficacy (Rangel-Sosa et al. 2017), or even genomic- and proteomic-based techniques could be used for
further investigations of the mechanism of liver cancer resistance to develop effective therapeutic
approaches (Cao et al. 2019). However, some prevention interventions, such as improving diet and nutrition,
are also important strategies for preventing the occurrence of liver cancer.

Edible oil, an essential ingredient for our daily diet, contains a variety of fatty acids (FAs), such as
saturated FAs and mono- and polyunsaturated FAs. According to carbon chain length, FAs are
divided into short-chain fatty acids (<6 carbon atoms), medium-chain fatty acids (7-12 carbon atoms) and
long-chain fatty acids (212 carbon atoms) (Fauser et al. 2011). Fatty acids are important components of the
body and have many significant biological functions (de Carvalho and Caramujo 2018; Stamenkovic et al.
2019). For instance, medium-chain fatty acids (MCFAs), such as octanoic acid, decanoic acid and dodecanoic
acid (DDA), which are abundant in coconut oil, palm oil and milk, are involved in the construction of cell
membranes, serve as energy sources, or even function as cell signals (Devi and Khatkar 2018; Panth et al.
2018). Publications have reported the effects of MCFA on health and diseases, such as improving metabolic
diseases and suppressing fat accumulation. In the study of Kono and his coworkers (2003), medium chain
triglyceride (MCT) was found to prevent LPS-mediated endotoxemia, which is associated with obesity and
metabolic syndrome. St-Onge et al. (2008) reported that MCT was involved in weight loss without adversely
affecting normal metabolic activity. As one of the important MCFA representatives, DDA comprises
approximately 50% of the fatty acids in coconut oil and has many applications (Sankararaman and Sferra
2018). Liu et al. (2018) fed 1-day-old chickens dietary supplement containing DDA and observed that it
effectively improved the growth performance and digestive capacity of chickens. Additionally, evidence has
demonstrated that DDA and its derivatives have strong antibacterial activity against gram-positive bacteria
by destroying the bacterial membrane (Bergsson et al. 2001). Additionally, DDA has been reported to improve
cardiovascular health status because of its ability to increase high-density lipoprotein levels and decrease
blood pressure (Eyres et al. 2016).

Moreover, studies have reported the anticancer potential of DDA against some tumor types. In the
study of Veeresh Babu and his coworkers (2010), a certain dosage of DDA was observed to prevent
testosterone-induced prostatic hyperplasia in rats. Similarly, Jiao et al. (2008) reported that the growth of
ovarian cancer cells cultured in DDA-containing media was significantly greater than that of control cells.
This kind of MCFA also exerted anti-proliferative and pro-apoptotic effects on breast and endometrial cancer
cells (Lappano et al. 2017), fully illustrating the anticancer activity of DDA. Notably, as reported by Conceicdo
et al. (2016), DDA could obviously prolong survival and improve quality of life in breast cancer patients during
chemotherapy treatment. In addition, DDA has been shown to have antineoplastic and proapoptotic effects
on intestinal cancer cells (Fauser et al. 2013). Compared with long-chain fatty acids, MCFAs, including DDA,
can more significantly alleviate the fatigue of terminal cancer patients (Narayanan et al. 2015; Mori et al.
2019). Based on the above review, the present research mainly focused on the role of DDA in reproductive
cancers (ovarian cancer, prostate cancer, and endometrial cancer) and colon cancer, whereas very few studies
have focused on the effect of DDA on liver cancer. Therefore, this study treated Hepa 1-6 liver cancer cells
with DDA and evaluated the impact of this fatty acid on liver cancer by detecting cell viability, cell cycle
progression, cell apoptosis, intercellular redox status and mitochondrial function. This study sheds light on
the possible mechanism by which DDA regulates the growth of liver cancer cells to a certain extent.
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2. Material and Methods
Materials

Hepa 1-6 cell lines and Dulbecco’s modified Eagle’s medium (DMEM) were purchased from Procell
Life Science & Technology Co., Ltd. (Wuhan, China). DDA was obtained from Macklin Biochemical Co., Ltd.
(Shanghai, China). Fetal bovine serum (FBS) and fatty acid-free (FAF)-bovine serum albumin (BSA) were
obtained from CellMax Co., Ltd. (Beijing, China). CCK8 was purchased from Biosharp (Hefei, China). Assay kits
for SOD, GSH, ROS, ATP and mitochondrial membrane potential (JC-1) were obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). A BCA protein assay kit, an Annexin V-FITC/PI apoptosis detection
kit and a DNA assay kit were obtained from Solarbio Co., Ltd. (Beijing, China). A Hoechst 33258 staining kit
was obtained from Beyotime Institute of Biotechnology (Shanghai, China). Primary antibodies against
Caspase 3, Bcl-2 and Bax were obtained from Bioworld (Wuhan, China). The secondary antibodies (goat anti-
rabbit and goat anti-mouse) were obtained from Bioworld and EpiZyme (Shanghai, China), respectively.

Cell culturing

Hepa 1-6 cells were first cultured in DMEM supplemented with 10% FBS after the cells were
defrosted. When they reached 70-80% confluence, the cells were digested with 0.25% trypsin and
subcultured. The passaged cells were then seeded in a cell culture plate for DDA treatment or in a cell flask
for passage under a humidified atmosphere at 37 °C in 5% CO,. Note: All experiments were performed in
accordance with the relevant approved guidelines and regulations, as well as under the approval of the
Medical Ethics Committee of the First Affiliated Hospital of Henan University of Science and Technology.

Grouping and DDA treatment

Hepa 1-6 cells in the logarithmic growth phase were trypsinized, harvested and seeded into a 96-well
plate at a concentration of 2x10° cells/mL in 100 pL (each well) DMEM supplemented with 10% FBS (fetal
bovine serum). After 24 h of incubation, the culture medium was replaced with 100 uL of complete DMEM
containing freshly prepared DDA (1 mol/L), which was conjugated to 0.4% FAF-BSA at final concentrations of
0.1, 0.3, 0.5, 1, 2 and 4 mM, and then incubated for 24 h, 48 h or 72 h to determine the optimal DDA
concentration via the CCK-8 assay. Untreated DDA-treated cells were used as a control.

CCK-8 assay

CCK-8 (Cell Counting Kit-8) is widely used for determining cell viability via cell proliferation and
cytotoxicity assays on the basis of WST-8, an MTT-like compound that is reduced to yellow formazan dye by
dehydrogenases in viable cells (Cai et al. 2019). The amount of formazan dye produced is directly
proportional to the number of viable cells. Briefly, after treatment with various concentrations of DDA for 24
h, 48 h and 72 h, the cells were harvested as described above and washed twice in PBS, after which 100 uL
of 0.4% FAF-BSA-supplemented DMEM and 10 pL of CCK-8 solution were added to each well. After 2 h of
incubation, a microplate reader was used to measure the absorbance at 450 nm.

Hoechst 33258 staining

Hepa 1-6 cells were plated in 6-well plates (1 x 10° cells/well) and cultured for approximately 12-16
hours. After treatment with 0.5 mM DDA for different durations (24 h, 48 h, 72 h), the cells were fixed with
4% formaldehyde for 10 min and then manually washed twice with PBS. The cells were stained with 0.5 mL
of Hoechst 33258 (Beyotime, Shanghai, China) for 5 min at room temperature, followed by washing three
times in PBS. Finally, the cells were observed and photographed under a fluorescence microscope (Zeiss,
Germany; excitation/emission wavelengths: 350/460 nm; magnification: x200).
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Cell cycle analysis

The cells were seeded in a 6-well plate at a concentration of 2x10° cells/mL and routinely cultured
overnight. After washing twice with DMEM containing 0.4% FAF-BSA, the cells were incubated in medium
containing the optimal concentration of DDA for 24 h, 48 h or 72 h. The cells from each group were digested,
harvested and fixed in precooled 70% ethanol overnight and then treated with RNase A solution at 37 °C for
30 min, followed by PI staining for 30 min at 4 °C in the dark using a DNA content quantitation assay kit
(Solarbio, Beijing). The cell cycle distribution was analyzed by flow cytometry (Beckman, USA) via FACS
analysis. At least three independent experiments were carried out.

Apoptosis detection

Cell culture, grouping and DDA treatment were performed as previously described. Cell apoptosis was
assessed by Annexin V-FITC/PI staining based on the instructions of the Annexin V-FITC apoptosis detection
kit (Solarbio, Beijing). Briefly, the harvested cells were washed twice in precooled PBS. The cells were
resuspended at a density of 1x10° cells/mL in 1x binding buffer, and 100 pL of the cell suspension (~1x10°
cells) was collected and then incubated with Annexin V-FITC (5 pL) for 10 min and PI (5 L) for 5 min in the
dark at room temperature. Then, 500 pL of PBS buffer was added to reach a final concentration of ~0.15x106
cells/mL. Finally, flow cytometry (Beckman, USA) was used to analyze the cell apoptosis rate. Three
independent experiments were performed.

Western blot analysis

Immunoblot analysis was performed to assess the expression of the apoptosis-related proteins Bcl-2,
Bax and Caspase-3. Hepa 1-6 cells were treated with the optimal DDA concentration for 24 h, 48 h or 72 h.
The cells were harvested and lysed in ice-cold RIPA buffer supplemented with protease inhibitor (EpiZyme,
Shanghai, China) for 30 min and centrifuged at 12000 rpm for 5 min at 4 °C. The supernatant containing total
proteins was collected and quantified by a BCA protein assay kit (Solarbio, Beijing, China). Equal amounts of
denatured protein extracted from untreated or DDA-treated cells were loaded onto a 12.5% SDS—PAGE gel
and transferred to a PVDF membrane. Protein blocking was performed with 5% skim milk in TBS Tris-buffered
saline supplemented with 0.1% Tween-20 (TBST) for 2 hours. After washing three times with TBST, the
membranes were probed with specific primary antibodies, including a Bcl-2 rabbit polyclonal antibody (pAb,
1:1000), a Bax rabbit pAb (1:1000), and a caspase-3 rabbit pAb (1:1000), in 5 ml of blocking buffer overnight
at 4 °C. B-Actin (1:8000) served as an internal control. Next, the membranes were washed three times with
TBST and incubated with the appropriate secondary antibodies for 1 h at room temperature. Finally, the
membranes were incubated with an ECL solution and then imaged on an Amersham Imager 600 (GE, USA)
followed by quantification using ImagelJ software.

Determination of oxidative stress indices

After treatment with the indicated concentrations of DDA for 24 h, 48 h or 72 h, the cells were
collected, and the levels of oxidative stress markers were measured.

SOD activity was assayed as follows: after the harvested cells were centrifuged at 1000 rpm for 20
min, the supernatant was discarded. The pellet was resuspended at 3x10° cells/mL in PBS, followed by cell
disruption through sonication. After centrifugation, the supernatant was collected and diluted 10 times with
PBS. A 20 plL sample was added to each well of a 96-well plate to detect SOD activity. SOD activity was
determined using SOD assay kits (Nanjing Jiancheng Bioengineering Institute, China) and is expressed as units
per microgram of total protein (U/mg). The total protein concentration was quantified using a bicinchoninic
acid (BCA) protein assay kit (Solarbio, Beijing, China).

Intracellular reactive oxygen species (ROS) levels were measured using an ROS assay kit (Nanjing
Jiancheng Bioengineering Institute, China). The cells were trypsinized, collected and centrifuged at 1000 rpm
for 10 min and then resuspended in PBS. The cell suspensions were incubated with a final concentration of
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10 uM DCFH-DA reagent at 37 °C for 1 h and centrifuged at 1000 rpm for 5 min. The dissociated pellets were
resuspended in PBS to a final concentration of 1x10°8 cells/mL, 200 uL of sample was added to a 96-well
opague white plate (Jing'an Hi-Tech, Jiangxi, China), and the fluorescence intensity of DCF was measured (Ex
at 500 nm; Em at 525 nm) using a Spark multimode microplate reader (Tecan, Mdnnedorf, Switzerland). The
intensity of fluorescence was proportional to the ROS concentration.

The intracellular GSH content was determined by a GSH assay kit (Nanjing Jiancheng Bioengineering
Institute, China) following the manufacturer’s guidelines. Cell harvesting was performed as described above.
After centrifugation, the precipitated cells were resuspended to a concentration of 1x10° cells/mL. After the
cells were crushed with an electric grinder, the supernatant was collected to determine the GSH content.
Then, 100 pL of buffer solution and 25 L of chromogenic reagent were added to 100 pL of cell supernatant
and sufficiently mixed. Finally, the reaction was monitored at 405 nm under a microplate reader (Tecan Spark,
Mannedorf, Switzerland). Total protein concentrations were determined by using a BCA protein assay kit. The
GSH content was expressed as umol/gprot.

Mitochondrial membrane potential (MMP) assay

The MMP was determined using an MMP assay kit (Nanjing Jiancheng Bioengineering Institute,
China). Specifically, Hepal-6 cells were exposed to the indicated DDA concentrations for 24 h, 48 hor 72 h,
washed in precooled PBS and then harvested. The collected cells were resuspended in JC-1 working solution
(diluted 1:500) to a final density of 2x10° cells/mL, incubated for 20 min at 37 °C, and centrifuged at 2000
rom for 5 min at room temperature. The supernatant was discarded, and the pellets were washed and
resuspended in 1x incubation buffer for subsequent flow cytometric analysis with a CytoFLEX Flow
Cytometer (Beckman Coulter). Normal mitochondria containing red JC-1 aggregates were detected by PI,
and apoptotic cells containing green JC-1 monomers were detected by FITC.

Cellular ATP level determination

After treatment with the optimum concentration of DDA for different durations at 37 °C, as
mentioned above, the cells (approximately 1x10°) were harvested, heated for 10 min in a boiling water bath
and centrifuged at 4000 rpm for 5 min. The precipitate was removed, 30 L of supernatant was added to
each well, and a 96-well microplate was placed in a microplate reader (Tecan Spark, Mannedorf, Switzerland)
for measuring the mitochondrial ATP level at 636 nm according to the protocol of the ATP content assay kit
(Nanjing Jiancheng Bioengineering Institute, China). The total protein concentration was determined by the
BCA method. The cellular ATP level was expressed as pmol/gprot.

Statistical analysis

The data are expressed as the mean * standard deviation (SD), and all experiments were
independently repeated three times. The data analysis was performed using SPSS 17.0 software. Differences
among experimental groups were analyzed by one-way ANOVA followed by Dunnett’s test. A P value<0.05
was considered to indicate a statistically significant difference.

3. Results
DDA inhibits the viability of liver cancer cells

After Hepal-6 liver cancer cells were treated with different concentrations of DDA (0.1, 0.3, 0.5, 1, 2
and 4 mM) for 24 h, 48 h and 72 h, a CCK-8 assay was used to assess cell viability. As illustrated in Figure 1,
DDA at concentrations less than 0.5 mM (0.1 or 0.3 mM) did not obviously impact the viability of the Hepa
1-6 cells (those above 70%). For instance, the cell survival rate reached 76.51% at 72 h after treatment with
0.1 mM DDA but reached approximately 80% at 24 h after treatment with 0.3 mM DDA. At concentrations
greater than 0.5 mM (1, 2, or 4 mM), DDA significantly inhibited the growth of Hepal-6 cells and decreased
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cell viability in a dose- and time-dependent manner (P<0.05). Briefly, the cell survival rate decreased to
12.87% after treatment with 1 mM DDA for 48 h and decreased to only 7.56% after treatment with 4 mM
DDA for 24 h. Despite having lower cell viability than the control, a DDA concentration <0.5 mM had a
relatively weak effect on inhibiting liver tumor cell growth, whereas a high concentration (>0.5 mM) of DDA
had strong toxicity to the cells. Therefore, 0.5 mM DDA was considered the optimal concentration for
subsequent experiments.

120 r
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——03mM
Y 90 ——0.5mM
=)
e’
3‘ —¥— 1mM
=
= ——4AmM
>
o)
o 30

0 ¥
24h 48h 72h
Duration of DDA treatment

Figure 1. The effect of different concentrations of DDA on the survival rate (%) of Hepa 1-6 cells after
different durations of treatment. The capital letter B indicates an extremely significant difference (P<0.01)
compared with 0 h (control); the lower letter b indicates a significant difference (P<0.05) compared with 0

h (control).

To further explore the effect of DDA on cell morphology, morphological changes in Hepa 1-6 cells after
treatment with 0.5 mM DDA were observed under an inverted microscope. As shown in Figure 2, the cells in
the control group were in good condition with a uniform cell distribution, adherent growth and clear cell
outline, while the DDA-treated cells showed severe changes in morphology characterized by an unfixed size,
unclear outline, cell death (e.g., the appearance of floating cells and cell debris) and growth inhibition (e.g.,
an obvious decrease in cell density). The longer the treatment duration was, the more severe the cell
morphological alterations were.

DDA might block cell division in Hepa 1-6 cells

The cell cycle distribution of Hepal-6 cells treated with 0.5 mM DDA was analyzed by flow cytometry,
and the results are shown in Figure 3A (left panel). Compared to that of the untreated control (62.0%), the
proportion of cells in the G1 phase decreased to 61.0% at 24 h (P>0.05), decreased to 62.05% at 48 h (P>0.05),
and then decreased to 53.47% at 72 h (P<0.01). For S phase, there was an extremely significant difference
between the DDA-treated group and the control group (P<0.01), and the percentage of Hepa 1-6 cells in S
phase increased in a time-dependent manner after DDA treatment (12.56% at 24 h, 19.5% at 48 h and 22.98%
at 72 h; P<0.01) compared to that in the control group (6.99%). For the G2/M phase, DDA-treated groups
were also highly significantly different from the control group (P<0.01), and the population of cells greatly
decreased from 28.32% in the control group to 21.80% at 24 h, 13.86% at 48 h, and 7.73% at 72 h (P<0.01)
in a time-dependent manner.

In addition, compared with that in the control group (3.14%), the sub-G1 population, which indicates
apoptosis-associated chromatin degradation, significantly increased in the DDA-treated group and even
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peaked at 72 h (34.50%, P<0.01; Figure 3B). Based on the above results, DDA treatment leads to cell cycle
arrest in the S phase, as evidenced by the increasing proportion of S-phase cells but the decreasing
proportion of cells in both the G1 and G2/M phases.

Figure 2. The cells were observed under an inverted microscope after treatment with 0.5 mM DDA for the
indicated times. A — Control group; B — DDA-treated 24 h group; C - DDA-treated 48 h group; D-DDA-treated
72 h group. Red arrows: cells of unfixed size with unclear outlines; black arrows: cell debris. Left column:
magnificationx100; Left column: magnificationx200

DDA induces apoptotic death in Hepal-6 cells

After different durations of treatment with 0.5 mM DDA, the Hepal-6 cells were stained with Hoechst
33258 and observed under a fluorescence microscope (200x). As shown in Figure 4, blue-stained nuclei were
dyed with Hoechst 33258, a blue fluorescence dye that stains condensed chromatin in apoptotic cells more
brightly than chromatin in normal cells. Morphological apoptotic changes, such as condensed nuclei and
nuclear fragmentation, were observed in the DDA-treated groups (Figure 4B-D), while few apoptotic cells
were observed in the control group (Figure 4A).

Furthermore, flow cytometric analysis of Annexin V-FITC/Pl double-staining was performed to
estimate the cell apoptotic rate. As shown in Figure 5, there was a time-dependent increase (P<0.01) in the
total cell apoptotic rate after treatment with DDA compared to that in the control group. Briefly, the
percentage of early apoptotic cells after 24 h of DDA treatment (3.53%) did not significantly (P>0.05) differ
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from that of the control (2.86%); the percentage of early apoptotic cells significantly (P<0.01) increased to
17.37% at 48 h and to 21.70% at 72 h in comparison with that of the control (Figure 5B). Similarly, the
percentage of late apoptotic/necrotic cells in the DDA-treated groups (11.07% at 48 h, 13.57% at 72 h) was
also significantly greater than that in the control group (1.60%, P<0.01); at 24 h after treatment with DDA,
the percentage of late apoptotic cells did not differ from that in the control group (P>0.05).
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Figure 3. Flow cytometric analysis of the cell cycle distribution of Hepa 1-6 cells after treatment with 0.5
mM DDA. DDA inhibits the progression of cell division by arresting cells in the S phase. A — Representative
flow cytometry histograms showing the DNA content of Hepa 1-6 cells treated with 0.5 mM DDA for 24 h,

48 h and 72 h. B — Analysis of the cell cycle distribution in each group (n=3). Cells were treated for different
durations and then subjected to Pl staining. DNA content was measured by flow cytometry. Analysis was
performed using SPSS 17.0 software with an ANOVA statistical model. The data are presented as the
percentage of cells in the sub-G1, G1, S and G2/M phases. For each sample, 1x10° cells were acquired. The
data shown are the means * SDs. Comparisons between different experimental groups using Dunnett’s
multiple comparison tests are shown in the figure. Different superscript capital letters indicate extremely
significant differences (P<0.01); the same superscript letters indicate no significant difference (n=3, P>0.05).

DDA induced oxidative stress in hepatic cancer cells

This study assayed biomarkers of oxidative stress, including cellular ROS production, GSH content and
SOD activity, in Hepa 1-6 cells treated with 0.5 mM DDA for different durations. As shown in Figure 6A, after
treatment with DDA, ROS production in the cells significantly increased in a time-dependent manner
(P<0.01); moreover, the GSH content clearly decreased compared to that in the control group (Figure 6B,
P<0.01). The activity of total SOD (T-SOD), an important endogenous antioxidative enzyme, was determined
by a SOD assay kit. As shown in Figure 6C, compared to that in the control group (12.01 U/mg prot), the T-
SOD activity in the DDA-treated groups gradually decreased with increasing treatment time, which was
opposite to the trends in the ROS and GSH levels. Statistical analysis revealed a significant difference in T-
SOD activity only at 72 h of treatment (9.23 U/mgprot) compared with that of the control (12.01 U/mgprot,
P<0.01).

DDA impacts the mitochondrial membrane potential of Hepa 1-6 cells
The MMP is a key parameter indicating mitochondrial function, and a decrease or increase in the

MMP could impact cell viability. In this study, MMP alterations in cells treated with 0.5 mM DDA for different
durations were measured by a JC-1 assay kit using flow cytometry. As displayed in Figure 7, the cells in the

Bioscience Journal | 2024 | vol. 40, e40036 | https://doi.org/10.14393/BJ-v40n0a2024-71135



CHEN, X., etal.

control group had a relatively high MMP, which was indicated by the high percentage of viable cells (79.13%).
Compared with that in the control group, the MMP was lower in the DDA-treated group, implying that JC-1
accumulated less in the mitochondrial matrix for J-aggregate formation (Figure 7A). Furthermore, the MMP
could be effectively decreased (P<0.01) by 0.5 mM DDA in a time-dependent manner (Figure 7B).

Figure 4. Photograph showing the results of Hoechst 33258 staining of Hepa 1-6 cells (200x). After the cells
were treated with 0.5 mM DDA for the indicated times, the apoptotic cells were observed by Hoechst
33258 staining under a fluorescence microscope. A —control group; B - 0.5 mM DDA treatment for 24 h; C -
0.5 mM DDA treatment for 48 h; D — 0.5 mM DDA treatment for 72 h. The apoptotic cells are indicated by
arrows.

DDA reduces ATP levels in Hepa 1-6 cells

In eukaryotes, mitochondria are the main site of ATP synthesis. A decrease in ATP levels implies a decrease
or even loss of mitochondrial function, and a reduction in ATP levels during apoptosis usually coincides with a
decrease in the MMP. For this reason, our study evaluated the effect of DDA on ATP production in Hepa 1-6 cells
using an ATP determination kit. Compared with that in the control group (939.31 umol/gprot), the level of cellular
ATP decreased in a time-dependent manner with treatment time (877.15 umol/gprot at 24 h; 790.55 umol/gprot
at 48 h; 513.81 pumol/gprot at 72 h), as shown in Table 1. According to the statistical analysis, the ATP content
significantly differed (P<0.05) after 24 h of treatment and significantly differed after 48 h and 72 h (P<0.01)
compared with that of the control.

Table 1. Changes in ATP levels in cells after administration of 0.5 mM DDA for different durations.

Grouping ATP level (umol/gprot)
Control 939.31+18.25%
24h treatment 877.15+£23.99"°
48h treatment 790.55+29.8582
72h treatment 513.81+34.15%

Note: Within the same column, different superscript lowercase letters and capital letters indicate significant differences (P<0.05) and very

significant differences (P<0.01), respectively; the same superscript letters represent no significant difference (P >0.05).
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DDA modulates the expression of apoptosis-related proteins

To further investigate whether DDA-mediated cell apoptosis was related to intrinsic mitochondrial
activity, the protein expression of Bcl-2, Bax and Caspase-3 was measured by western blotting after
incubation with 0.5 mM DDA for 24 h, 48 h and 72 h. As shown in Figure 8, 0.5 mM DDA significantly
upregulated the expression of the pro-apoptotic protein Bax and downregulated the expression of the anti-
apoptotic protein Bcl-2 and the ratio of Bcl-2 to Bax in a time-dependent manner (P<0.01); clearly, a decrease
in the Bcl-2 protein level was associated with an increase in Bax. Similar to that of Bax, the protein expression
of Caspase-3 was significantly upregulated in the cells treated with DDA (P<0.01).
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Figure 5. Apoptosis analysis of Hepa 1-6 cells treated with DDA for the indicated times. A — Representative
dot plots showing the results of flow cytometric analysis of Hepa 1-6 cells. The cells were treated with 0.5
mM DDA for the indicated time periods (24 h, 48 h and 72 h) and then stained with Annexin V-FITC/PI; B -
Schematic diagram showing the evaluation of the apoptotic index in each group (n=3). The data shown are
the means = SDs. Comparisons between different groups using Dunnett’s multiple comparison tests are
shown in the figure. Different superscript capital letters indicate extremely significant differences (P<0.01);
the same superscript letter indicates no significant difference (P>0.05).
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4, Discussion

As a kind of medium-chain saturated fatty acid, DDA is an important component of many vegetable
oils, especially coconut oil and palm kernel oil (Schwab et al. 1995). At present, this fatty acid has been
extensively used in many fields, including food, medicine and daily chemicals (Zeiger et al. 2017; Santos et
al. 2019). With increasing DDA application, it has been found that DDA can markedly inhibit the growth of
some tumor burdens in the prostate, breast, stomach and lung (Silva et al. 2018; Sheela et al. 2019; De
Matteis et al. 2019). However, it remains unclear whether this fatty acid exerts an antitumor effect on liver

cancer.
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Figure 6. Oxidative stress markers in Hepal-6 cells treated with 0.5 mM DDA. The effect of 0.5 mM DDA on
biomarkers of oxidative stress and antioxidant status. A —reactive oxygen species (ROS) level; B -
glutathione (GSH) content; C —total superoxide dismutase (T-SOD) activity. The values are shown as the
means * SDs. Bars with the same capital letter are not significantly different (P > 0.05); bars with different
capital letters are significantly different (P<0.01). Significant differences among groups were analyzed using
one-way ANOVA with Dunnett’s multiple comparisons test (P <0.05, n=3).

In this study, Hepa 1-6 liver cancer cells were used as experimental subjects and treated with different
concentrations of DDA ranging from 0.1 mM to 4.0 mM for different durations. As a result, all concentrations
of DDA had varying degrees of inhibitory effects on cell viability. However, the effect of DDA<0.5 mM on cell
viability was relatively weak, while DDA>0.5 mM was extremely cytotoxic to cultured Hepa 1-6 cells. For this
reason, 0.5 mM DDA was identified as the optimal concentration for studying its anti-liver cancer effect and
the underlying mechanism.

It has been shown that dodecanoic acid can greatly increase oxidative stress in colon cancer cells in
vitro (Fauser et al. 2013). Accordingly, it could be hypothesized that DDA-induced oxidative stress causes cell
division cycle arrest and apoptosis. In this study, the induction of oxidative stress in liver cancer cells was
reflected by an increase in intercellular ROS levels, a decrease in GSH and a decrease in SOD activity, which
was consistent with the results of Fauser et al., who reported that DDA increased cellular ROS levels but
decreased GSH levels. GSH is considered an important nonenzymatic member that controls redox balance
in antioxidative systems and can directly scavenge reactive oxygen-derived free radicals (Vigilanza et al.
2011). Especially in cancer cells, high GSH levels are necessary to scavenge excessive ROS. Taken together,
as shown in Figure 9, the increase in ROS observed in this study was possibly related to the failure to

Bioscience Journal | 2024 | vol. 40, e40036 | https://doi.org/10.14393/BJ-v40n0a2024-71135



Dodecanoic acid induces oxidative stress-mediated death in liver cancer cells through the mitochondrial pathway

scavenge excessive ROS in DDA-treated cells in a timely manner due to the depletion of GSH. Enzymatic
antioxidants, including SOD, are responsible for the removal of various ROS (i.e., superoxide anion radicals,
hydrogen peroxide, etc.), thus maintaining the intracellular redox status (Oka et al. 2015). Our findings
showed that DDA significantly reduced the activity of intracellular T-SOD, which might be another cause of
the increased ROS level in the cells (Figure 9). Interestingly, the GSH level in all the DDA-treated groups was
lower than that in the control group, whereas among the three DDA-treated groups, the GSH level in the
cells at 48 h was obviously greater than that at 24 h (P<0.01). Further tests are required to determine the
underlying cause.
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Figure 7. Changes in the mitochondrial membrane potential (MMP) A — Typical MMP patterns of DDA-treated
Hepa 1-6 cells treated with 0.5 mM DDA for the indicated times. The MMP was measured by JC-1
fluorescence using flow cytometry. Q1: Necrotic cells, including a small number of late apoptotic cells and
mechanically damaged cells; Q2: Late apoptotic cells; Q3: Early apoptotic cells; Q4: Living cells; B — The ratio
of red to green fluorescence. The data are expressed as the mean £ SD. Bars with different capital letters
represent statistically significant differences among groups (P<0.01), which were analyzed by one-way
ANOVA with Dunnett’s test (P<0.05, n=3).

Generally, oxidative stress occurs once ROS production exceeds the antioxidant capacity of the body,
which causes cell division arrest or triggers apoptotic cell death (Yang et al. 2018). In this study, the cell cycle
distribution and cell apoptosis were further analyzed after treatment with DDA. The percentage of S-phase
cells greatly increased, while the percentage of cells in the G1 and G2/M phases severely decreased. The
reason may be related to differences in the experimental conditions, experimental procedures or
experimental subjects, which need further verification by experiments. These observations obviously differ
from a previous report showing that dodecanoic acid reduced the number of colon cancer cells in the G1
phase without affecting S- or G2/M-phase cells (Fauser et al. 2013). Interestingly, DDA significantly induced
apoptotic death in Hepa 1-6 cells, as evidenced by flow cytometry analysis and Hoechst staining, which was
consistent with reports on the effect of DDA on colon cancer cell apoptosis (Fauser et al. 2013). It could be
speculated that DDA preferentially impacts mitosis or cytokinesis rather than DNA replication in liver cancer
cells.

Many antitumor substances have been proven to induce apoptotic death in cancer cells via the
mitochondrial pathway (Wu et al. 2016; Xiao et al. 2020). Studies have shown that long-chain fatty acids can
cause oxidative stress and thus impair mitochondrial function by depolarizing the mitochondrial membrane
and opening the permeability transition pore, which thus initiates apoptotic death of the cell (Unger 2002;
Rial et al. 2010). However, whether DDA induces cell death through the mitochondrial pathway remains
unclear. Mitochondrial-mediated cell death is closely related to the Bcl-2 family (Daniel 2000). Normally, the
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proapoptotic protein Bax is located in the cytoplasm and is controlled by the antiapoptotic protein Bcl-2
(Edlich 2018). The presence of an apoptotic stimulus induces Bax translocation to mitochondria, decreases
the ratio of Bcl-2/Bax, causes mitochondrial depolarization, triggers the release of cytochrome c and the
activation of caspases, and ultimately leads to cell apoptotic death (Kirkin et al. 2004). Accordingly, it could
be inferred that the interplay among Bcl-2 family proteins is critical for modulating cell commitment to
apoptosis via the mitochondrial pathway. Consistent with a previous report, according to the results of our
immunoblot analysis, DDA treatment caused an increase in the Bax protein and a decrease in the Bcl-2
protein in the cells, thus decreasing the ratio of Bcl-2/Bax. In addition, as an important biomarker in the
mitochondrial apoptotic pathway, a time-dependent increase in caspase-3 protein levels was also observed
in Hepa 1-6 cells after DDA treatment (Figure 9).

A Con. 24h 48h 72h
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apoptotic proteins

Bcl-2 Bax Caspase-3
Figure 8. Western blot analysis of the protein expression of Bcl-2, Bax and Caspase 3 in DDA-treated Hepa
1-6 cells. Cells were treated with 0.5 mM DDA for the indicated times. A —Bcl-2, Bax and caspase-3 protein
bands. B-Actin served as an internal control. B — Gray-degree value analysis. DDA significantly enhanced Bax
and Caspase-3 expression, inhibited Bcl-2 expression, and downregulated the ratio of Bcl-2/Bax in a time-
dependent manner. The data are expressed as the means of three independent experiments = SD. Columns
with different capital letters among the groups differ significantly (P<0.01), and those with the same letters
differ insignificantly (P>0.05), as determined by one-way ANOVA with Dunnett’s test (P<0.05, n=3). Bcl-2, B-
cell ymphoma 2; Bax, Bcl2-associated X protein.

As reported previously, the increased production of ROS first disrupts the mitochondrial membrane
potential and consequently causes mitochondrial dysfunction, suggesting the hallmark role of MMP
alteration in mitochondrial apoptosis (Palikaras et al. 2015; Angelova and Abramov 2018). Additionally, MMP
dissipation has been widely accepted as an indicator of mitochondrial impairment (Galluzzi et al. 2007). In
this study, DDA caused mitochondrial dysfunction, as shown by the attenuated MMP and decreased ATP
levels in Hepa 1-6 cells treated with DDA. Our data also showed that the change in the MMP was
accompanied by a significant decrease in ATP content in parallel. These findings suggested that this medium-
chain fatty acid increased the permeabilization of mitochondria, which was correlated with the generation
of oxidative stress in the cells.
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5. Conclusions

Confronted with the limitations of in vitro studies, this study only presented primary evidence of the
antitumor activity of DDA and its potential mechanism in liver cancer cells. Based on the above data, a DDA
concentration <0.5 mM moderately inhibited the growth of liver tumor cells in vitro, whereas a DDA
concentration >0.5 mM strongly inhibited the growth and decreased the toxicity of the cells. For this reason,
0.5 mM DDA was selected as the ideal concentration for the mechanism-related studies. It could be
concluded that DDA induces oxidative damage in liver cancer cells and leads to mitochondrial dysfunction,
thus triggering cell apoptotic death via the mitochondrial pathway. Briefly, DDA perturbs the redox balance
in cells, resulting in GSH reduction, excessive ROS generation and decreased SOD activity. A level of oxidative
stress beyond the scavenging capacity of the cellular antioxidant system can damage cells, lead to
mitochondrial dysfunction, and ultimately trigger mitochondrial apoptotic death (Figure 9).

Despite a preliminary understanding of the role of DDA in liver cancer cells, several questions remain
to be answered: how does this fatty acid cause oxidative damage to liver cancer cells, and does DDA disturb
cell cycle progression or arrest cytokinesis/nuclear division? These issues need to be solved through in-depth
research.

Lauric acid

Cytosol H
GSH level |

Oxidative gROS level 1

stres
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Figure 9. Schematic representation of the possible pathway of DDA-induced death in liver tumor cells. DDA
perturbs redox balance and causes oxidative stress, leading to the functional destruction of mitochondria.
Dysfunctional mitochondria generate more ROS and less GSH while decreasing SOD activity, which further
causes the production of more ROS, thus resulting in positive feedback during oxidative stress. Overall,
enhanced oxidative stress (i.e., increased ROS levels) and mitochondrial dysfunction contribute to cell
death.
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