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Cancer is a significant global disease with high mortality and limited therapeutic options. 
Chemotherapy is a cancer treatment option; however, there are still issues, including severe side 
effects, inadequate response, and drug resistance. Abietic acid is a natural diterpene with diverse 
pharmacological properties and can be used for cancer treatment. Therefore, this study aimed to 
assess the anticancer efficacy of abietic acid in combination with doxorubicin, a highly clinically used 
chemotherapeutic agent. Biochemical investigations include initial viability assays, combination 
therapy using isobologram analysis, apoptosis and cell cycle assays, gene expression assay, ELISA 
analysis of protein expression, DNA fragmentation, and wound healing assays. The data showed 
that doxorubicin-abietic acid (DOX-AB) is an effective and safe anticancer combination for Caco-2 
cells. DOX-AB had a high safety index with minimal cytotoxicity at the combination dose on normal 
WI-38 fibroblasts cells. DOX-AB significantly decreased the proliferation and viability of Caco-2 cells, 
with an increase in the apoptosis rate in the late stage and necrosis with cell cycle arrest at the G2/M 
phase. Significant changes in the expression of modulators related to apoptosis, inflammation, 
and epigenetics were observed in gene and protein levels. DOX-AB combination had more efficient 
anticancer activity than doxorubicin alone. This study suggested that the use of abietic acid in 
combination with doxorubicin is a promising treatment for colorectal cancer because it enhances 
doxorubicin activity at relatively low doses with minimal cytotoxicity and overcomes multidrug 
resistance in tumors; these findings merit further investigation.
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Background
Cancer is a major global health concern, causing increasing incidence and mortality rates1. Treatment options 
include surgery, radiation, chemotherapy2, and immunotherapy3. However, chemotherapeutic resistance4–6and 
significant side effects have increased, reducing their efficacy7–9. Therefore, there is a usual need for effective 
treatment strategies for management of different malignancies. Example for anticancer agents is doxorubicin that 
was extracted from Streptomyces peucetiusin the late 1960 s8,10,11, and have shown promising antitumor effects on 
most malignancies10,11. However, its high hydrophilicity, short half-life, low bioavailability, and high volume of 
distribution compromise its effectiveness11,12. Also, the high doses of doxorubicin can lead to adverse effects like 
cardiotoxicity, extravasation, nephrotoxicity, and myelosuppression11,12. Doxorubicin resistance is also known 
due to tumor characteristics, apoptotic process disturbance, autophagy suppression, enzyme patterns changes, 
gene mutations, and drug efflux, which diminish its effectiveness12–15. Another example is 5-Fluorouracil (5-
FU) that was discovered fifty years ago, and widely used chemotherapeutic agent for treating common cancers 
like skin, brain, breast, and colon cancers16,17. However, its efficacy is limited in colorectal cancer18due to fast 
metabolism, short half-life, minimal bioavailability, lethal effect, and insufficient selectivity for tumorous cells19. 
A third new synthetic derivative is Raptinal, triggers the caspase-dependent intrinsic apoptosis pathway by 
activating caspase-320, causing cell death and selective anticancer activity in hepatocellular carcinoma animal 
model21,22. It also triggers p53 expression and reactivates its mutant form, making it a promising approach 
for anticancer therapies, especially for challenging-to-cure cancers21. Raptinal treatment induces aggressive 
apoptotic effect that may cause side effects such as renal and cardiac toxicities22. Consequently, it was essential to 
identify less toxic and inexpensive systematic therapy procedures that are also more efficient.

Natural products (NPs) are crucial in the development of new therapeutic discoveries, with approximately 
60% of anticancer medications used in clinical settings being direct, derived, or inspired by NPs23–25. Tumor 
therapy heavily relies on natural substances like paclitaxel and camptothecin derivatives26–28. Phytochemicals 
like curcumin and quercetin are important for enhancing patient survival when used in conjunction with 
antitumor or combination therapies28–32. Abietic acid (AB) is an example of a natural compound derived from 
Pinusspecies, and has diverse pharmacological activities, including antiobesity, antiallergenic, anticonvulsant, 
and anti-inflammatory properties33. Studies have shown that AB protects against cancer by reducing the 
expression of oncogenic genes like VEGF, TGF-β, and NF-κB in non-small cell lung and breast cancer34–36. A 
recent study found that AB has therapeutic effects on cancer cells by inducing apoptosis and cell cycle arrest and 
reducing the expression of proliferation genes like c-myc, TNF-α, NF-κB, VEGF, TGF-β1, and IGF1R, which 
are known for their potential effects on angiogenesis, proliferation, metastasis, and invasion42,43. Other studies 
have shown successful antitumor properties of natural metabolites like Silymarin, Luteolin and Quercetin when 
combined with anticancer drugs as doxorubicin37–39. Also, successful combination of Diosmetin, Zerumbone, 
Thymoquinone and Melatonin with 5-FU40–44. However, few studies have investigated their detailed mechanistic 
effects45–47.

Combination therapy is a popular approach in cancer treatment due to its numerous benefits. It enhances 
treatment outcomes by producing better therapeutic benefits and synergistic anticancer activity2. Combination 
eliminates clonal heterogeneity, leading to higher response rates48. It allows for the use of individual medications 
at lower doses while maintaining therapeutic efficiency, reducing toxicity49. Combination of medications act 
by distinct methods, reducing the likelihood of resistant cancer cells arising2. They also selectively eliminate 
cancer stem cells, reducing drug resistance and reducing the likelihood of cancer relapse50. Combination 
therapy may be beneficial for advanced tumors that do not respond to conventional treatments like radiation or 
surgery51. Combination treatment eliminates cellular processes linked to adaptive resistance and simultaneously 
attacks multiple molecular pathways necessary for cancer cell survival52. These benefits and challenges can 

Fig. 1.  The advantages and challenges of using anticancer combinatorial approach.
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be summarized in Fig. 1. Therefore, this is study aims to assess the effect of the combination of abietic acid 
and anticancer drugs in selected cancer cell lines through initial screening. Additionally, this study aims to 
understand the underlying anticancer mechanisms of the combination effect compared to those of a single drug, 
which might aid in the decision-making process for potential therapeutic applications.

Methods
Cell culture and materials
The tested cancer cell lines include human liver cancer cell line (HepG2), epidermoid carcinoma of the larynx 
cell line (Hep-2), breast cancer cell line (MDA-MB231), human colon cancer cell lines (HCT-116 and Caco-
2) and prostate cancer cell lines (PC-3 and DU-145). Fibroblast lung cells (WI-38) were used as a normal 
cell line for comparison and calculation of the selectivity index. All cancer cell lines, along with normal cells 
were retrieved from the holding company’s cell culture bank for the production of vaccines, sera, and drugs 
(VACSERA, Giza, Egypt) with passage number 10–15. The cell lines were characterized and propagated in the 
Center of Scientific Excellence “Helwan Structural Biology Research, (HSBR)” in accordance with the standard 
protocol53–57. These cell lines were cultured under standard conditions with 10% FCS, 2 mM M-glutamine, and 
100 IU penicillin/streptomycin. The standard culture conditions included growth at 37 °C and 5% CO2. After 
3–4 days, the culture medium was changed every 2 days to 85–90% confluence to facilitate rapid cell division. 
For use in downstream applications, cell cultures were passage through a 0.25% trypsin/EDTA solution. Abietic 
acid was purified from Pinus palustris Mill. (Pinaceae) tree and characterized for percent purity, which was 
calculated in correlation with the percent area under each peak and was found to be 98.46% by HPLC according 
to the standard protocol55. Stock solutions of the drugs (doxorubicin and 5-FU) were prepared using DMSO 
(Sigma‒Aldrich, St. Louis, MO, USA) to a final concentration of 10 mM. The stock solutions were then divided 
into aliquots and kept at −20 °C until further use. All materials were preserved in compliance with the guidelines 
provided by the manufacturer.

Viability assay
The 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide (MTT, Serva) colorimetric test was used to 
evaluate antiproliferation and cytotoxicity according to a previously used protocol53,55,58,59 Five dilutions (0.01, 
0.1, 1, 10, and 100 µM) of doxorubicin, 5-FU and abietic acid were used for treatment for 24 h. Cells treated with 
0.1% DMSO alone served as the negative control group. A microplate reader (800 TSUV Biotek ELISA Reader) 
was used to measure the amount of soluble formazan generated at 570 nm. The concentration of drug that 
inhibited 50% of the cell growth was determined as the IC50using a 4-parameter logistic nonlinear model60,61. 
The safety index (SI) was calculated using WI-38 normal human fibroblasts as the IC50 drug (WI-38)/IC50drug 
(cancer cell line) ratio62. The efficiency and safety of anticancer drugs are indicated by lower IC50values and SI 
values greater than 163.

Isobologram analysis of the combined drug effect
The anticancer effects of the standard chemical drugs doxorubicin and 5-FU in combination with abietic acid or 
Raptinal on Caco-2 cancer cells were assessed separately using the isobologram method to enhance the efficacy 
of these drugs at reduced toxic IC50doses53,64,65. A set ratio of combination drugs was applied to cells concurrently 
at dosages that generally corresponded to 4, 2, 1, 0.5, 0.25 and 0.125x the individual IC50values of each drug and 
abietic acid. Multiple-drug effect analysis was first performed by Chou and Talalay at a 1:1 mixture ratio66,67. The 
combination index (CI) can be calculated using the following mathematical Eq. (1)68:

	 CI = d1/D1 + d2/D2� (1) 

The dosages of drugs 1 and 2 that, when administered together, elicit a certain reaction are designated d1 and 
d2. The dosages of drugs D1 and D2, when administered separately, result in the same reaction. Moreover, 
antagonism was defined as CI > 1, additivity as CI = 1, and synergy as CI < 1.

Equation (2) is used to determine the DRI, which is defined as “the fold decrease in the dose of each drug if two 
drugs are given in combination, as opposed to individual treatment, to achieve a particular level of cytotoxicity69.

	 DRI (for drug 1) = D1/d1� (2) 

A higher DRI indicates a more advantageous drug combination since a DRI > 1 indicates a beneficial dose 
decrease. A DRI less than one suggests an inefficient combination and an adverse dosage reduction. A DRI of 1 
indicates that the dosage of the chosen medication was not lowered70. The same previously mentioned protocol 
was performed using HCT-116 resistant colorectal cancer cell line at determined IC50 doses of Doxorubicin and 
Abietic acid.

Morphological assessment of Caco-2 cells treated with doxorubicin, abietic acid and 
doxorubicin combined with abietic acid
Morphological and nuclear alterations were observed under an Axio Observer 7 inverted phase contrast 
fluorescence microscope at 40× magnification after treatment with single drugs or their combination for 24 h. 
Caco-2 cells treated with 0.1% DMSO were used as a negative control.

Apoptosis assay using Annexin V (AV)/propidium iodide (PI)
The Annexin V (AV)/Propidium Iodide (PI) assay is useful for assessing the apoptotic effect in many different 
cancer cell lines in accordance with the detection kit’s procedure (Beckman Coulter, Brea, CA, USA city, state 
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abbreviation for USA, nation) and our standard protocol53–55. Briefly, the cell suspension was cultivated in 25 
cm2 flasks for 24 h until more than 90% confluency. Caco-2 cells were seeded in 6-well culture plates (1.5 × 105 
cells/well) in 2000 µl culture medium for the next 24 h. Subsequently, the cells were treated with the IC50 dose of 
the single drugs or the combined IC50for another 24 h. After being washed with phosphate-buffered saline (PBS) 
(Lonza)., the cells were resuspended in 1 mL of binding buffer. 100 µL of cell suspension was treated with 1 µL of 
FITC-labelled Annexin-V and 5 µL of PI and incubated for 15 min at 4 °C in the dark. Then, 400 µL of ice-cold 
binding buffer was added to the suspension, and each sample’s apoptotic cells were examined using a Beckman 
Coulter Epics XL flow cytometer. The amount of apoptotic cell death reported as a proportion of all gated cells 
was used to determine the apoptotic index (AI)71,72. Apoptosis analysis was performed using Beckman Coulter 
CytExpert software (version 2.4.0.28). The same previously mentioned protocol was performed using HCT-116 
resistant colorectal cancer cell line at determined IC50 doses of Doxorubicin and Abietic acid.

Cell cycle analysis
Cell cycle analysis was performed according to a standard protocol54,55, as a total of 1 × 106Caco-2 cells were 
seeded into a 25 cm2 flask for 24 h until they reached 90% confluence. Cells were split and seeded in 6-well 
plates and treated with the IC50 of single drugs or a combination of drugs for 24 h. The cells were collected, 
preserved for an overnight period in 70% alcohol, and then stained with PI (50 µg/mL). The Cytoflex flow 
cytometer (Beckman Coulter, USA) was used to quantify the DNA content. The cell cycle analysis with G0-G1, 
S, and G2M cells were gated using Beckman Coulter CytExpert software (version 2.4.0.28). The same previously 
mentioned protocol was performed using HCT-116 resistant colorectal cancer cell line at determined IC50 doses 
of Doxorubicin and Abietic acid.

Gene expression analysis of several key regulatory genes
Gene expression analysis of some regulatory genes related to apoptosis, inflammation and epigenetics was 
conducted using Caco-2 cells. After the cells were seeded in 6-well plates in triplicate at a density of 1 × 106 
cells per well under standard incubation conditions, the cells were treated for 24 h with IC50 doses of single and 
combination therapies in addition to the solvent control (0.1% DMSO)-treated cells. The cells were extracted, 
and a Favour-PrepTM Blood/Cultured Cell Total RNA Purification Micro Kit (Favorgen Biotech Corp., Ping-
Tung, Taiwan) was used to purify the total RNA. RNA was reverse transcribed into first-strand cDNA using 
the Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA). The kit for qPCR 
utilizing HERAPLUS SYBR® Green (Willowfort, Nottingham, UK) was used for the amplification of genes. 
Gene expression was analysed and quantified using the 2ˆ−ΔΔCTmethod73. The sequences of the primers used are 
listed in Table S1. The fold change in Bax and Bcl-2 genes was assessed, and the Bax/Bcl-2 ratio can serve as a 
prognostic marker that indicates whether a cell will undergo apoptosis74–76. A lower value for this ratio indicates 
that human cancer cells may be resistant to apoptosis77,78.

ELISA assay of key apoptotic proteins expression activity
Cancer cells were treated with IC50 doses of abietic acid, doxorubicin and their combination in comparison to 
0.1% DMSO as negative control for 24 h in order to assess Cyt-C, Casp-3, p53, Bax and Bcl-2 proteins expression 
in cell lysates. The cell pellets were collected by centrifugation and the supernatant were removed and pellets 
were washed 3 times with PBS followed by resuspension in 500µL RIPA lyse buffer. Following the manufacturer’s 
instructions, commercially available ELISA kits (Cyt-C- Cat. No. MCTC0, Casp-3- Cat. No. E-EL-M0238, p53- 
Cat. No. MBS2610658, Bax- Cat. No. LS-F21313 and Bcl-2- Cat. No. E0778 m) were used to estimate the total 
proteins expression using standard curve calibration. ELISA plates were coated with the specific capture antibody, 
and 5% BSA in PBS-Tween solution was used to block the coating for an hour. After two hours of incubation, 
a secondary HRP-detection antibody was added, and the samples were left to incubate for a further two hours 
followed by measuring the colorimetric absorbance of samples, standards, control and blank at 450–570 nm.

DNA fragmentation assay
One characteristic feature of apoptosis is DNA fragmentation, and a colorimetric diphenylamine test was used 
to quantify DNA fragmentation in Caco-2 cells according to our standard protocol54,79–81. Briefly, 1 × 106 cells 
were grown to confluency for 24 h. Cells were treated with single drugs at the IC50 or in combination for 24 
h. Then, the cells were carefully scraped off and pelleted using a 300x g centrifuge at 4  °C for 10 min. The 
cells were resuspended in 0.8 ml of 0.01 M PBS (pH 7.4), 0.7 ml of ice-cold lysis buffer (pH 8.0), 0.5% Triton 
X-100, 20 mM EDTA, and 5 mM Tris for lysis. The mixture was incubated for 15 min at 4 °C to guarantee full 
lysis. The cell lysate was centrifuged at 13,000 × g and 4 °C. DNA fragments are now found in the supernatant, 
whereas whole DNA is found in the pellets. After the supernatant was poured into a 5-ml glass tube, 1.5 ml of 
10% trichloroacetic acid (TCA) was added, and the mixture was allowed to sit at room temperature for 10 min. 
Both intact and fragmented DNA were extracted using centrifugation at 500x g for 15 min at 4 °C, followed by 
boiling at 100 °C to release the inorganic phosphate. The pellet containing DNA was again suspended in 0.7 
millilitres of 5% TCA and allowed to cool to room temperature. After centrifuging the suspensions at 300 × g 
for 4 °C, 0.5 ml of the supernatant was transferred to a fresh glass tube and incubated overnight at 30 °C. The 
color was finally produced using 1.5 g of diphenylamine mixed in 100 ml of acetic acid and 1.5 ml of H2SO4with 
acetaldehyde at a final concentration of 16 mg/mL. The absorbance intensity of both the supernatant and the 
sample was measured colorimetrically at 600 nm. The relative ratio of low-molecular-weight fragmented DNA 
to the sample’s total DNA content was used to represent DNA fragmentation81.
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Wound healing assay
A total of 1.5 × 105 Caco-2 cancer cells were seeded in 6-well plates with 2000 µl of culture media and incubated 
for 24 h. Once the cells reached more than 90% confluency, the cancer cell monolayers in each well were scraped 
with a sterile pipette tip. Next, the cells were treated with the single drugs at the IC50 or in combination and were 
incubated for 24–48 h. Finally, the cell migration rate was calculated as the percentage of wound closure or area 
decrease according to Eq. (3)82:

	 Wound Closure % = [A0 − Ah/A0] X 100� (3) 

A0 is the area of the wound measured immediately after scratching (t = 0 h).
Ah is the area of the wound measured hours after the scratch was made.
The calculation of the scrap width was performed using an Axio observer 7 inverted phase contrast 

fluorescence microscope, and the calculations were performed using Zen 3.8 software.

Histone deacetylases (HDAC) activity/inhibition direct assay
Histone deacetylases (HDACs) catalyse the hydrolytic removal of acetyl groups from histone lysine residues, 
which is a crucial step in the transcriptional regulation of gene expression in eukaryotic cells. Human cancer 
formation, cell proliferation, and cell cycle regulation are all closely correlated with HDACs. Hence, it was 
essential to understand the effect of single drugs and combination on total cellular HDAC activity. Total HDAC 
activity/inhibition can be measured using the HDAC Activity/Inhibition Assay Kit (Cat. No. KA 0628, Abnova, 
USA). Trichostatin (TSA) at 1 µM served as the positive control83. The special acetylated histone substrate is 
steadily collected on the strip wells in an experiment using this kit. Histone substrate is bound by active HDACs, 
which then deacetylate it and the residual un-deacetylated substrate can be identified by high affinity acetylated 
histone antibody and developed color measured colorimetry84–87. The quantity of the un-deacetylated histone 
can be measured using standard curve, which is inversely proportional to HDAC enzyme activity. Briefly, 1 × 
106 Caco-2 cells were grown for confluency for 24 h. Cells were treated with IC50 doses of single drugs and 
combination for 24 h in 6-well plates. Cells were lysed and nuclear extracts were separated according to the 
standard protocol. To prepare the standard curve, in provided 96-wells strips, 50 µL of diluted wash buffer 
was added (without addition of Biotinylated HDAC substrate). Then, 1 µL of HDAC Assay Standard (20 µg/
mL) was used in varying amounts (0.1–10 ng), and the mixture incubated at room temperature for 45 min. For 
preparation of samples, 50 µL of Biotinylated HDAC substrate were combined with 50 µL of HDAC assay buffer 
followed by addition of 2 µL nuclear extract corresponding to each sample and the mixture was incubated for 60 
min at 37 °C. After the incubation period ended, each well received 50µL of capture antibody, and the plate was 
incubated for 60 min at room temperature. 50 µL of detection antibody were added to each well and incubated 
at room temperature for 30 min. 100 µL of developing solution were added to each well and incubated at room 
temperature for 30 min. To terminate the enzymatic process in the standard wells with greater concentrations of 
standard control, 50 µL of stop solution was added to each well when the color turned medium blue. The color 
should become yellow within 5 min and the absorbance should be readable at 450 nm on a microplate reader. 
T﻿he total percentage of HDACs inhibitory activity was calculated according to the following Eq. (4):

	

Inhibition % = (1- [OD (positive control-Blank)-OD (sample-Blank-)]/ OD (positive control-
Blank)-OD (negative control-Blank)]) X 100

� (4)
 

Statistical analysis
The data are expressed as the means ± SEMs. The statistical software GraphPad Prism 8.0.2 (CA, USA) was used 
for data analysis. One-way ANOVA of variance with repeated measures was used to assess group means. This 
was followed by post hoc Dunn’s test and Tukey’s multiple comparisons test for post hoc assessment of individual 
means. P < 0.05 was considered to indicate statistical significance.

Results
Cancer cell viability
MTT assay was used to assess various tested compounds, including two known chemotherapeutic drugs 
(Doxorubicin and 5-FU), one synthetic compound (Raptinal) and one natural compound (abietic acid), at 
different concentrations (0.1–100 µM) for 24 h in different tested cancer cell lines, and the results were compared 
to those in a normal cell line (WI-38). Interestingly, all of the compounds displayed antiproliferative activity 
in a dose-dependent manner, with IC50 values ranging from 8.16 to 31.56 µM for 5-FU, 11.22–35.35 µM for 
doxorubicin, 13.73–51.11 µM for abietic acid and 6.78–24.19 µM for Raptinal, as shown in Table 1; Fig. 1S. 
Regarding the safety index, 5-FU showed the minimal cytotoxicity to normal cells, with an SI ranging from 2.8 
to 10.8, followed by doxorubicin (0.9–2.8) with IC50 value of 35.35 µM on MDA-MB231 higher than its IC50 on 
WI-38 normal cells. Abietic acid, a natural compound, showed a similar safety index to chemotherapeutic drugs 
(1.8–6.5), followed by the lowest Raptinal (0.24–0.9), as shown in Table 1; Fig. 1S. Raptinal showed major IC50 
values on cancer cell lines higher than its IC50 values on WI-38 normal cells followed by doxorubicin. This may 
suggest that all the tested compounds have antiproliferative effects on various types of cancer cells. However, 
Raptinal followed by doxorubicin showed low safety, suggesting that it has serious side effects and toxicity. The 
higher IC50values observed for Raptinal and doxorubicin in the cancer cell lines compared to the normal WI-38 
cell line may be explained by several factors. Cancer cells often exhibit heterogeneous responses due to altered 
metabolic pathways, genetic mutations, overexpression of drug efflux pumps, or enhanced repair mechanisms, 
which can contribute to their resistance to certain compounds88,89. Also, the compounds may have a higher 
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baseline toxicity in normal cells due to differences in cellular metabolism, proliferation rates, or the presence of 
specific pathways that make them more susceptible to the compounds90, especially Raptinal that is known for 
its rapid induction of apoptosis20,21,91,92. Also, normal cells might rely more heavily on the targeted pathway for 
survival, making them more sensitive to inhibition93. Finally, these chemical compounds might interact with 
off-target proteins or pathways that are more critical in normal cells, leading to increased toxicity in WI-38 
cells compared to certain cancer cell lines94. On the other side, abietic acid as natural compound has moderate 
antiproliferative activity with considerably lower expected toxicity to normal cells in anticancer applications. 
This data may be interesting for potential further assessment for a combination between natural product with 
safe margin with slightly toxic anticancer agents for future clinical applications. Colorectal cancer is among 
the top three cancer types in terms of incidence and ranks second in terms of death, with an estimated ~ 9.5 
million deaths annually95,96. Our earlier research has shown that Caco-2 cells of the colorectal cancer (CRC) 
type are among the most sensitive cancer cell lines for drug screening in-vitro53. This particular disease type was 
chosen for a number of reasons, including the global need for novel treatments for this sort of cancer given the 
clear dearth of FDA-approved treatments and the apparent lack of CRC cures95. CRC is one of the cancer types 
that is most frequently diagnosed in both men and women, and it is the third most common cause of cancer-
related deaths worldwide97. Furthermore, a great deal of drugs approved for the treatment of colorectal cancer 
(CRC) are monoclonal anti-bodies, which are more costly than using natural products or already used drug on 
the market such as doxorubicin or 5-FU. Furthermore, using available anticancer medications to treat CRC is 
linked to increased cytotoxicity in comparison to normal cells98,99. Finaly, carcinogenesis, metastasis, resistance 
to treatment, and the formation of cancer from normal colon mucosa are all associated with specific alterations 
to different cell signaling pathways in Caco-2. It is also a well-characterized in-vitro cell culture system that is 
highly reliable for detecting multidrug resistance. For these reasons, it was important to use Caco-2 cell line for 
further investigations and to understand the molecular mechanism behind the antiproliferative activity and 
efficacy of abietic acid and standard chemotherapeutic agents in Caco-2 cells.

Synergistic effect of combination drugs in Caco-2 cells
Using isobologram analysis, the impact of administering abietic acid or Raptinal in addition to the 
chemotherapeutic drugs 5-FU or doxorubicin on the Caco-2 cell line was evaluated. Four different combinations 
were prepared and tested on Caco-2 cells, as shown in Table 2. Using the MTT assay results as a fit for the 
nonlinear regression model, it was shown that the 3rd combination (abietic acid combined with doxorubicin) 
had the lowest IC50 (xIC50 = 0.31 ± 0.01) compared to the other combinations. This means that the combination 
of abietic acid with doxorubicin reduced the overall IC50 of the drugs by 30% of the original dose, and hence, 
the new IC50 values calculated for abietic acid in combination with doxorubicin were 10.03 µM and 4.80 µM, 
respectively (Table 2). These new combinatorial IC50 doses for abietic acid and doxorubicin were the lowest 
among all the other combinations (Table 2), suggesting that an exaggerated response was observed. This 
was confirmed by plotting the isobologram of the 3rd combination (Fig. 2), which showed that all the dose 
combinations were lower than the solid line in the figure plot, suggesting a synergistic effect of abietic acid with 
doxorubicin. Additionally, a high dose reduction index (DRI) value with a reduced combination index (CI) for 
the 3rd combination compared to the other combinations demonstrated a considerable reduction in the IC50, 
emphasizing the synergistic effect and substantial decrease in the doses required to achieve the same degree of 
antiproliferative effect (Table 2). These findings imply that the combination of abietic acid with doxorubicin, 
a conventional chemotherapy drug, can increase its anticancer efficacy in Caco-2 cells. To lessen the potential 
for large dosages to cause cytotoxicity in nearby noncancerous cells, the combined IC50 of abietic acid and 
doxorubicin was tested further on a normal fibroblast line (WI-38). Compared with the negative control, we 
found that the percentage growth inhibition (%GI) was 0% for abietic acid, doxorubicin or their combination 
while the percentage growth was 123.8% for abietic, 115.1% for doxorubicin and 112.9% for their combination 
(Table 2S). This likely indicates that the treatment combination has no cytotoxic effect on the normal cells. 

Measured IC50 (µM)

Cell lines

5-FU Doxorubicin Abietic acid Raptinal

IC50 SI IC50 SI IC50 SI IC50 SI

 WI-38 88.0 ± 5.4 31.73 ± 3.9 89.75 ± 6.4 6.0 ± 1.1

 PC-3 31.56 ± 6.2 2.8 22.49 ± 7.1 1.4 27.61 ± 6.7 3.3 24.19 ± 7.3 0.24

 DU-145 12.94 ± 3.1 6.8 26.14 ± 3.6 1.2 51.11 ± 8.4 1.8 21.29 ± 5.5 0.3

 Caco-2 19.26 ± 4.2 4.6 15.20 ± 2.8 2.1 31.72 ± 6.4 2.8 7.18 ± 2.1 0.83

 HepG-2 16.04 ± 2.5 5.5 11.22 ± 2.3 2.8 21.25 ± 2.4 4.2 9.92 ± 3.1 0.6

 MDA-MB231 11.31 ± 3.1 7.8 35.35 ± 6.6 0.9 15.16 ± 4.1 5.9 12.29 ± 4.6 0.5

 HCT-116 8.16 ± 2.4 10.8 17.53 ± 5.3 1.8 13.73 ± 1.9 6.5 8.18 ± 2.2 0.73

 Hep-2 11.01 ± 3.3 8.0 19.53 ± 3.3 1.6 17.74 ± 5.7 5.1 6.78 ± 1.5 0.9

Table 1.  MTT assay of two chemotherapeutic agents (doxorubicin and 5-FU) compared to a natural 
compound (abietic acid) and a synthetic compound (Raptinal) using a panel of various cancer cell lines and 
normal fibroblasts (WI-38). All the antiproliferative activities of all the compounds were measured as the IC50 
(µM). The safety index (SI) was computed as the IC50 of the compound (WI-38)/IC50 of the compound (cancer 
cell line). The IC50 is displayed as the mean ± sem; n = 3.
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To confirm whether abietic acid-doxorubicin combination would have universal applicability to cancer cells, 
isobologram analysis was performed with the same protocol on the resistant HCT-116 colorectal cancer cell 
using pre-determined IC50 for abietic acid and doxorubicin single and in fraction combination. Data in Table 
3S showed that xIC50 = 0.388 ± 0.01 suggesting synergistic effect with reduced IC50 doses (6.8 ± 1.6, 5.3 ± 0.9 µM 
for doxorubicin and abietic acid respectively). Additionally, CI = 0.63 and DRI = 4.0 suggest that combination 
is synergistic. This may confirm the abietic acid-doxorubicin is promising combination in colorectal cancer cell 
types and deserve further biochemical investigations.

Changes in the morphology of Caco-2 cells treated with abietic acid, doxorubicin and their 
combination
The negative control cells treated with 0.1% DMSO showed the typical morphological shape of densely packed 
mixed cuboidal, epithelial-like and fibroblast-like monolayer cells with some cells contain vacuoles depending 
on their growth stage and culture condition that were adhered to the well surface according to documented 
data of Caco-2 on ATCC website (Fig. 3A). When Caco-2 cells are exposed to either doxorubicin or abietic acid 
(Fig. 3B and Fig. 3C), cells experience moderate decreased in cell growth, cytoplasm condensation, membrane 
damage, loss of contact, shrinkage, and the formation of apoptotic bodies, which are indicative of apoptosis. 
These events can all lead to programmed cell death, including reduced cell size, fractured nuclei, and membrane 
blebbing. The cells treated with doxorubicin-abietic acid combination exhibited notably more morphological 
alterations than did the cells treated with doxorubicin and abietic acid monotherapy with high percentage of 
rounded apoptotic cells (Fig. 3D).

Fig. 2.  Isobologram of Caco-2 cells cotreated with abietic acid and doxorubicin for 24 h. The dotted regions 
that are displayed are synergistic (below). The results of the investigation showed synergism at the IC50 level. 
The means of three separate replicates are shown by the data points in circles. The data are expressed as the 
mean ± SEM; n = 3.

 

Tested compounds IC50 (µM)
×IC50 (Combination)
(µM)

IC50 (in combination)
(µM) DRI CI

1st combination

5-FU 19.26 ± 4.2 ------- 17.62 ± 2.5 ------- -------

Abietic acid 31.72 ± 6.4 0.91 ± 0.01 29.02 ± 4.3 3.740 1.86

2nd combination

5-FU 19.26 ± 4.2 ------- 54.62 ± 5.9 ------- -------

Raptinal 7.18 ± 2.1 2.8 ± 0.1 20.36 ± 3.4 5.576 15.34

3rdcombination

Doxorubicin 15.20 ± 2.8 ------- 4.80 ± 2.7 ------- -------

Abietic acid 31.72 ± 6.4 0.31 ± 0.01 10.03 ± 1.6 3.286 0.63

4th combination

Doxorubicin 15.20 ± 2.8 ------- 9.87 ± 1.3 ------- -------

Raptinal 7.18 ± 2.1 0.64 ± 0.04 4.67 ± 1.0 2.446 1.30

Table 2.  Combinations of individual compounds (abietic acid or Raptinal) with chemotherapeutic agents 
(5-FU or Doxorubicin) in Caco-2 cells using fixed ratios of the individual IC50 values. There was a noticeable 
synergistic effect when using the isobologram technique. The synergistic impact was confirmed by the 
combination index (CI) and dose reduction index (DRI). The data are presented as the means ± sems of n = 3.
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Synergistic apoptotic effect of abietic acid combined with doxorubicin on Caco-2 cells
It was important to understand the mechanistic effect of the combination of abietic acid and doxorubicin on 
Caco-2 cells using an apoptosis assay. We used flow cytometry analysis with Annexin V/PI dual labelling after 
treatment with the relevant IC50 of abietic acid and doxorubicin and their combination to examine whether the 
combination induces apoptosis. The negative control untreated cells showed a normal distribution, with more 
than 85% of the cells being viable (Fig. 4; Table 3). After treatment with either abietic acid or doxorubicin, Caco-
2 cells underwent significant late apoptosis (90.81%) and necrosis (9.14%), with a reduction in viable cells to 
less than 1% in response to doxorubicin only, as demonstrated by Annexin V/PI dual staining (Fig. 4; Table 3). 
Treatment with IC50 of abietic acid showed a very small increase in viable cells compared to negative control that 
was not significant as shown in Fig. 4; Table 3. Caco-2 cells treated with abietic acid combined with doxorubicin 
at a reduced IC50 showed a significant reduction in the percentage of viable cells (< 1%) and an increase in 
the percentage of late apoptotic cells (97.32%) in the fraction of necrotic cells (Fig. 4; Table 3). The increase in 
viable cells after combination therapy is very small and not exceeding 1% that was non-significant compared 
to negative control. Additionally, to confirm the effectiveness of this combination on other resistant colorectal 
cancer cell line, HCT-116 was used for apoptosis analysis using previously determined IC50 combined doses in 
Table 1, and data showed that combination regimen was able to indue significant increase in late apoptotic and 
necrotic cell populations of HCT-116 with reduction in viable cells (Fig. 2S; Table 5 S) compared to negative 
control, abietic acid or doxorubicin. These findings imply that abietic acid and doxorubicin work together to 
promote apoptosis in colorectal cancer cells.

Abietic acid–doxorubicin combination induces cell cycle arrest in Caco-2 cells
Doxorubicin has been demonstrated to cause cell cycle arrest in the G2/M phase in many cancer cell lines through 
DNA damage100–102. Since the combination of abietic acid and doxorubicin reduced cell viability, we used flow 
cytometry to analyse the cell cycle distribution and determine whether the combination of these two drugs 
enhanced cell cycle arrest in Caco-2 cells. Compared with negative control treatment, doxorubicin reduced 
the percentage of cells in the G0-G1 phase (28.94%) and increased the percentage of cells in the G2/M phase 
(45.93%) (Fig. 5; Table 4). The combination therapy showed a similar pattern of cell cycle arrest at relatively lower 
combined IC50 doses(Fig. 5; Table 4). Additionally, to confirm the effectiveness of this combination on other 

Fig. 3.  The effect of abietic acid, doxorubicin, and their combination on the growth and morphology of Caco-
2 cells is demonstrated by (A) the 0.1% DMSO negative control, which results in a coherent and adhesive 
cell layer sheet; (B) the effect of abietic acid, which forms apoptotic colonies and separates apoptotic bodies 
(highlighted with a black arrow); (C) the effect of doxorubicin, which increases the formation of apoptotic 
colonies in the field (highlighted with a black arrow); and (D) the effect of abietic acid combined with 
doxorubicin, which results in more condensed and separation of apoptotic bodies (highlighted with a black 
arrow). The image is magnified by x40 under an inverted phase contrast microscope. 

 

Tested compounds % Q1-LL % Q2-LR % Q3-UL % Q4-UR

Negative control 87.46 ± 6.9 0.38 11.18 ± 2.4 0.98

Abietic 89.16 ± 8.1 0.44 9.18 ± 1.7 1.23

Doxorubicin 0.06****#### 0.00 90.81****####± 5.7 9.14**##± 1.8

Abietic acid-doxorubicin combination 0.12****#### 0.02 97.32****####± 7.8 2.55$± 0.1

Table 3.  Apoptosis assay analysis of the percentage of the Caco-2 cell subpopulation and distribution of cells 
in the various apoptosis stages as measured by flow cytometry. The IC50s of abietic acid, doxorubicin or their 
combination were applied to Caco-2 cells, and the results were compared to those obtained with 0.1% DMSO 
as the negative control. The combination of doxorubicin and doxorubicin dramatically reduced the percentage 
of viable cells through the induction of late apoptosis and necrosis. The data are expressed as the mean 
± sem; n = 3. 2D apoptosis plot was divided into four quadrant (Lower left (LL), lower right (LR), upper left 
(UL), upper right (UR)). **** indicates significance relative to the negative control at P < 0.0001, ** indicates 
significance relative to the negative control at P=0.0069,####indicates significance relative to abietic acid at 
P<0.0001, ##indicates significance relative to abietic acid at P=0.0087, and $ indicates significance relative to 
doxorubicin at P= 0.0275.

 

Scientific Reports |        (2025) 15:16102 8| https://doi.org/10.1038/s41598-025-99616-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


resistant colorectal cancer cell line, HCT-116 was used for cell cycle analysis using previously determined IC50 
combined doses in Table 1, and data showed that combination regimen was able to indue significant increase in 
SubG0-G1 population suggesting early cell cycle arrest with significant reduction in G0-G1 phase (Fig. 3S; Table 
4S) compared to negative control, abietic acid or doxorubicin. These findings imply that the combination of 
abietic acid and doxorubicin inhibit cell division in colorectal cancer cells.

Gene expression analysis of genes related to apoptosis and inflammation after treatment 
with abietic acid-doxorubicin combination therapy in Caco-2 cells
Next, we investigated whether this combination may intensify the effects of apoptosis in Caco-2 cells through 
different key modulatory genes (caspase-3, Cytochrome-C (Cyt-C)-Bax, Bcl-2 and p53) in addition to other 
indirectly related genes involved in inflammation (NFkB and TNFα) (Fig. 6). Compared with doxorubicin alone, 
the qRT‒PCR data demonstrated that the abietic acid‒doxorubicin combination therapy tended to enhance 
and have an additive effect on the expression of caspase-3, Cyt-C, Bax and p53 with downregulation of Bcl-2. 
There was a significant difference in the expression of the genes encoding caspase-3, Cyt-C, and Bax between 
the combination therapy group and the doxorubicin group (p < 0.001), but there was no discernible difference 
in p53 expression between the two groups (Fig. 6A). Moreover, Bax/Bcl-2 ratio showed 1.99 ± 0.4, 4.3 ± 0.8 and 
17.6 ± 1.6 for abietic acid, doxorubicin and the combination respectively suggesting the efficacy of combination 
for induction of apoptosis. Additionally, Caco-2 cells treated with the combination therapy showed a similar 
trend for the inflammatory-related genes NFkB and TNFα (P < 0.05 and P < 0.001, respectively) (Fig. 6B). These 
data collectively indicate that abietic acid and doxorubicin enhance the apoptotic impact in these cells through 
modulating proapoptotic factors directly and through other indirect factors.

Overexpression of key apoptotic proteins (Cyt-c, Casp-3, p53 and Bax) with reduced BCL2 
protein expressions were associated with augmented apoptosis in combination therapy
The suggested overexpression of the key apoptotic genes and downregulation of anti-apoptotic gene in 
combination therapy- treated group was explored on the protein level using ELISA assays. We have performed 

Fig. 4.  Apoptotic contour plots for caco-2 cells treated with (A) 0.1% DMSO act as negative control, (B) IC50 
dose of abietic acid, (C) IC50 dose of doxorubicin and (D) combined IC50 doses of abietic acid and doxorubicin 
combination measuring the percentage of viable, early apoptotic, late apoptotic, and necrotic cells by AV/PI 
assay using flow cytometry. (E) bar graph representation illustrates the percentage of viable cells (Q1-LL), early 
apoptosis (Q1-LR), late apoptosis (Q1-UR), and necrosis (Q1-UL) for each treatment group. The assay was 
performed after the treatment of caco-2 (colon cancer) for 24 h.

 

Scientific Reports |        (2025) 15:16102 9| https://doi.org/10.1038/s41598-025-99616-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


ELISA analysis to assess the protein levels of key markers, including Cyt-c, Casp-3, Bax, p53, and Bcl-2. 
Interestingly, the protein expression data were consistent with that of gene expression, further validating the 
findings and supporting the flow of our presented data (Fig. 7). Cyt-c is a key protein in the mitochondrial 
pathway of apoptosis, where it activates caspases and other proteins that drive the apoptotic cascade. A significant 
increase in Cyt-c levels in the combination therapy group was observed (10.78 ± 0.61) compared to negative 
control (2.9 ± 0.53, P < 0.0001), abietic acid (4.3 ± 0.66, P < 0.0001) and doxorubicin (6.6 ± 0.66, P < 0.0021) 
(Fig. 7). Casp-3 protein is an executioner caspase that plays a central role in the final stages of apoptosis. It is 

Tested compounds % SubG0-G1 % G0-G1 % S % G2M

Negative control 0.19 58.66 ± 6.8 19.34 ± 5.8 19.72 ± 4.1

Abietic 0.12 52.30 ± 10.1 21.69 ± 3.6 23.61 ± 5.3

Doxorubicin 0.32 28.94 ± 2.8 a***c### 22.21 ± 2.6 45.93 ± 8.4 e***g##

Abietic acid-doxorubicin combination 0.26 35.88 ± 5.9 b**d# 17.41 ± 3.5 44.46 ± 9.5 f***h##

Table 4.  Cell cycle analysis of the percentage of the Caco-2 cell subpopulation and distribution of cells in 
the various cell cycle stages as measured by flow cytometry. The IC50s of abietic acid, doxorubicin or their 
combination were applied to Caco-2 cells, and the results were compared to those obtained with 0.1% DMSO 
as the negative control. Doxorubicin and its combination can cause dramatic cell cycle arrest at various 
stages of the cell cycle. The data are expressed as the mean ± sem; n = 3. a***indicates significance relative 
to the negative control at P = 0.0001, b**indicates significance relative to the negative control at P = 0.0011, 
c###indicates significance relative to abietic acid at P = 0.0009, d#indicates significance relative to abietic acid 
at P = 0.0130, e***indicates significance relative to the negative control at P = 0.0005, f***indicates significance 
relative to the negative control at P = 0.0009, g##indicates significance relative to abietic acid at P = 0.0020, and 
h##indicates significance relative to abietic acid at P = 0.0035.

 

Fig. 5.  Histograms for cell cycle analysis measuring the percentage of SubG0-G1, G0-G1, S- and G2/M phases 
by PI assay using flow cytometry. The assay was performed after the treatment of caco-2 (colon cancer) for 24 
h with (A) 0.1% DMSO act as negative control, (B) IC50 dose of abietic acid, (C) IC50 dose of doxorubicin and 
(D) combined IC50 doses of abietic acid and doxorubicin combination.
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activated by both intrinsic and extrinsic apoptotic signals. Significant higher level of Casp-3 in the combination 
therapy group was observed (8.62 ± 0.48) compared to negative control (2.16 ± 0.13, P < 0.0001), abietic acid 
(4.96 ± 0.30, P < 0.0001) and doxorubicin (6.21 ± 0.28, P < 0.0010) (Fig. 7). Moreover, Bax is a pro-apoptotic 
protein that promotes mitochondrial outer membrane permeabilization, facilitating the release of pro-apoptotic 
factors like Cyt-c. Bax protein expression was significantly higher in the combination therapy (9.1 ± 0.34, P < 
0.0001) compared to negative control (1.2 ± 0.1, P < 0.0001) and the individual drugs; abietic acid (2.2 ± 0.16, 
P < 0.0001) and doxorubicin (2.9 ± 0.1, P < 0.0001). Finally, Bcl-2 is an anti-apoptotic protein that inhibits cell 
death by preventing the release of pro-apoptotic factors like Cyt-c from mitochondria. A downregulation of Bcl-
2 in the combination therapy group (1.9 ± 0.1, P < 0.0001), compared to control (7.2 ± 0.4, P < 0.0001), abietic 
acid (3.7 ± 0.2, P < 0.0035) and doxorubicin (3.6 ± 0.35, P < 0.0059) indicates that the anti-apoptotic signals are 
being diminished, which could allow for increased apoptosis. This is a desirable outcome in cancer therapy (Fig. 
7). These data may suggest that the combination therapy may be more effective at tipping the balance towards 
apoptosis by inhibiting cell survival signals.

Fig. 7.  Quantification of DNA fragmentation in the control and experimental groups using a DPA assay. Bars 
represent DNA fragmentation (percentage of fragmented DNA to intact DNA) as the mean ± SEM; n = 3. There 
was no significant difference between the combination and doxorubicin groups according to one-way ANOVA. 
Dunnett’s and Tukey’s multiple comparisons tests were used as post hoc tests.

 

Fig. 6.  The effects of abietic acid, doxorubicin and their combination in Caco-2 cells on the expression of (A) 
apoptosis- and (B) inflammation-related genes in comparison with doxorubicin. All data are expressed as 
the mean ± SEM; n = 3; *P < 0.05, **P < 0.01, ***P> < 0.001. One-way ANOVA was used to compare multiple 
independent groups using GraphPad Prism 7 software. Dunnett’s and Tukey’s multiple comparisons tests were 
used as post hoc tests.
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Detection of cellular apoptosis by DNA fragmentation using combined therapy in Caco-2 
cells
Since DNA fragmentation is a sign of apoptotic cell death103–105, it was essential to assess the amount of DNA 
fragmentation in Caco-2 cells after single and combined therapy treatment at the IC50 for 24 h. Diphenylamine 
(DPA) was used to measure quantitative DNA fragmentation in Caco-2 cells via spectrophotometry. Abietic 
acid and doxorubicin groups induced 42.6% and 54.0% fragmented DNA, respectively, compared to the negative 
control group, which had less fragmented DNA (25.6%) (Fig. 8). Compared with doxorubicin, combination 
therapy resulted in considerable DNA fragmentation (44.3%), but the difference was not significant, suggesting 
that DNA fragmentation occurred at a relatively lower IC50 (Fig. 8).

Combinatorial treatment with doxorubicin and abietic acid decreases the rate of wound 
closure of Caco-2 cell monolayers
The impact of combination therapy on the migratory potential of highly metastatic Caco-2 cells was assessed 
using an in vitro scratch wound healing test since cell migration is a crucial component of metastasis and tumor 
invasion106. We used a scratch wound healing test to determine whether abietic acid-doxorubicin cotreatment 
can reduce the number of cells. Phase-contrast microscopy was used to assess the change of the percent of 
wound closure rate over temporal scale using ImageJ software. Figure 9A and Fig. 9B showed that negative 
untreated control showed wound closure rate of 63% after 24 h and 93% after 48 h suggesting the increase in 
metastatic effect of caco-2 cancer cells. Upon treatment with abietic acid, doxorubicin and the combination 
therapy for 24 h, the closure rates were 57%, 54% and 51% respectively which are lower than the closure rate 
of negative control at the same time point suggesting the reduction in the metastatic rate of caco-2. After 48 h 
of treatment, the closure rates were 62%, 64% and 65% for abietic acid, doxorubicin and combination therapy 
respectively which were much lower than the closure rate of negative control at the same time point. This may 
be explained as the combination therapy at lower doses was able to give similar effect as shown in abietic acid or 
doxorubicin on the wound closure rate. According to these findings, cotreating cells with abietic acid combined 
with doxorubicin reduces the extent to which the scratch wound closes in away similar to the treated cells with 
abietic acid or doxorubicin alone.

HDACs inhibitory activity of combination therapy in Caco-2 cells
Next, we used Trichostatin (TSA) as the reference drug to examine the inhibitory efficacy and selectivity of both 
abietic acid, doxorubicin, and their combination for calculation of percentage inhibition of total Pan-HDAC 
isoforms activity. The results, which are displayed in Table 5, showed that at IC50 doses, TSA strongly suppressed 
the activity of total HDACs (91.17%) followed by abietic acid (84.7%) and finally doxorubicin (76.9%). Abietic 
acid and doxorubicin in combination had an inhibitory impact on HDAC activity (68.7%) that was less than the 

Fig. 8.  ELISA analysis of for the effects of abietic acid, doxorubicin and their combination in Caco-2 cells on 
the key apoptotic proteins (Casp-3, Cyt-C, p53, Bax and Bcl-2). The data is presented as protein quantity (ng/
mL). All data are expressed as the mean ± SEM; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA 
was used to compare multiple independent groups using GraphPad Prism 7 software. Dunnett’s and Tukey’s 
multiple comparisons tests were used as post hoc tests. The significant difference compared to negative control 
group is denoted by ‘a’, significant difference compared to abietic acid group is denoted by ‘b’ while, significant 
difference compared to doxorubicin group is denoted by ‘c’.
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standard TSA and comparable to single compounds; however, this effect was obtained at lower IC50 doses of the 
compounds against different HDACs. Based on these findings, abietic acid seems to have an epigenetic role in 
combination with doxorubicin that specifically targets HDACs.

Discussion
One of the biggest obstacles in the chemotherapeutic treatment of cancer patients is inevitable acquired resistance 
and associated severe adverse effects107. Several molecular mechanisms are responsible for the progression of 
chemotherapeutic resistance, such as drug efflux, drug inactivation, reduced prodrug activation, drug target 
al.teration, growth factor alterations, extracellular matrix, microRNA and cytokine involvement, suppression 
of apoptosis, survival dysregulation, and hypoxia108. The majority of chemotherapy drugs are metabolized and 
eliminated by the kidney or liver, and hence they have a number of side effects that are indicative of their mode 
of action. These include tiredness, alopecia, myelosuppression, mucositis, nausea, vomiting, diarrhea, sterility, 
and infertility, as well as infusion responses109–111. Therefore, combination therapy is one of the useful strategy 
to enhance efficacy, reduce side effects and reduce cancer resistance. First, it lessens the likelihood of treatment 
resistance by combining medications that function through various pathways2. Second, this strategy targets several 
cancer growth stages and different molecular targets112. Also, combination therapy produces a synergistic effect 
which is greater than that of a single drug promoting efficacy of each drug, reducing toxic effects, and decreasing 

Tested compounds % Total HDACs inhibitory activity

 Trichostatin (TSA) 91.17 ± 6.4

 Abietic 84.68 ± 3.8

 Doxorubicin 76.89 ± 7.4

 Abietic acid-doxorubicin combination 68.74 ± 6.9

Table 5.  Percentage Inhibition of HDACs of abietic acid, doxorubicin, and their combination in Caco-2 cell 
compared to TSA as positive control using their IC50 doses. The mean ± sd of the independent experiment 
conducted in triplicate was displayed as the quantitative results.

 

Fig. 9.  Wound healing assay over time showing (A) the impact of abietic acid, doxorubicin, and combination 
therapy on the capacity of Caco-2 cancer cells to migrate at 24 and 48 h. The percentage of wound closure 
was determined using ImageJ to measure (B) the migratory capacity, and the mean ± SEM of the independent 
experiments conducted in triplicate is presented as the percentage of the treated group compared to the 
untreated group as the % wound closure. Axio Observer inverted microscope at ×40 magnification. The mean 
± SEM of the independent experiments conducted in triplicate are displayed as the quantitative results. There 
was no significant difference between the combination and doxorubicin groups according to one-way ANOVA. 
Dunnett’s and Tukey’s multiple comparisons tests were used as post hoc tests.
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the amount of dose for each individual drug113. The combination with natural products and their derivatives is 
a good strategy than a single agent alone for anticancer drug development and have been employed to modulate 
several mechanisms and reducing associated side effects114,115. The current study showed the screening of 5-FU 
and doxorubicin as two examples of chemotherapeutic agents as well as two new molecules, abietic acid (from 
a natural source) and Raptinal (from a synthetic origin) in different cancer cell lines and normal fibroblast cell 
line (WI-38). Compared with doxorubicin and abietic acid, 5-FU had relatively lower IC50values and higher 
SI values in different cancer cell lines, except for PC-3, Caco-2, and HepG-2 cells. Although doxorubicin is a 
common cancer drug used to treat a range of human cancers116, its efficacy is reduced due to the overexpression 
of drug efflux transporters and proteins linked to multidrug resistance and cancer resistance proteins116. 
Moreover, various cancer cells resistant to doxorubicin frequently exhibit suppression of apoptosis117. This is 
accomplished by downregulating proapoptotic and upregulating antiapoptotic mediators14. Additionally, abietic 
acid showed significant anticancer efficacy as previously observed in our study on MCF-7 cancer cells with 
reduced cytotoxicity to normal cells and greater safety index compared to synthetic Raptinal55. Our previous 
research showed that abietic acid regulates many pathways, including the downregulation of oncogenic (NF-κB 
and C-myc) and proliferative (IGFR1, TGF-β and VEGF) mediators, to have adequate anticancer effects and 
activate apoptotic pathways55. Thus, it is critical to assess whether abietic acid amplifies the anticancer effects 
of doxorubicin on cancer cells and reduces its cytotoxicity as a novel combination of antiproliferative drugs. 
Caco-2 cell lines were selected for further investigations since colorectal cancer has a high rate of morbidity and 
death118,119, and doxorubicin is one of the most effective treatments for colorectal cancer with acquired resistance 
and toxicity. We assessed the IC50 of different chemotherapeutic agents (doxorubicin and 5-FU), as well as abietic 
acid and Raptinal, on Caco-2 cells using an isobologram protocol. Our data showed that the combination of the 
IC50 dose of abietic acid with doxorubicin was the only effective synergistic combination, reducing the IC50 to 
30% of the original IC50, with minimal cytotoxicity to normal WI-38 cells. Additionally, CI analysis was carried 
out to determine how different combinations work in concert with colon cancer cells. The CI of abietic acid with 
doxorubicin (0.63) was the lowest, suggesting that abietic acid had a positive impact on the response of colon 
cancer cells to doxorubicin. Additionally, abietic acid produced a DRI value (3.286) in the range accepted for 
synergistic combinations that suppress cell growth at relatively low doses120. Our findings showed that Caco-2 
cells treated with doxorubicin, abietic acid, or their combination exhibited morphological changes, including 
chromatin condensation, apoptotic body formation, and cell shrinkage—all of which are signs of apoptosis 
induction—with a much more pronounced effect on the combination than on cells treated with doxorubicin and 
abietic acid alone121. These findings coincided with numerous investigations have shown that when doxorubicin 
is combined with other naturally occurring substances such as hesperidin, naringin, ruthenium and berberine, 
its anticancer effects increase106,122–124. This may suggest that the anticancer effects of abietic acid-doxorubicin 
on Caco-2 cells are achieved by controlling a number of processes related to cell survival.

Through a series of actions that result in cell division and duplication, the cell cycle controls the machinery 
of cancer cells125. Cancer is caused by aberrant and uncontrolled cell proliferation, which is the outcome of 
cell cycle dysregulation126. Many anticancer agents act by causing cell cycle arrest at a particular checkpoint, 
including abietic acid, which was reported in our previous research to cause cell cycle arrest in MCF-7 cells at 
the G2/M and subG0-G1subpopulation phases55. Additionally, doxorubicin induces G2/M phase arrest in a wide 
range of cancer cells127. According to our data, abietic acid potentiates the ability of doxorubicin to cause the 
accumulation of cells in the G2/M phase of the cell cycle in the Caco-2 cell line and thus inhibits cell growth.

Additionally, apoptosis, or programmed cell death, is a crucial physiological process for the growth and 
homeostasis of tissues128, and one of the characteristics of cancer is the suppression of apoptosis129. It is linked 
to several alterations in the morphology of cells, including nuclear blebbing, DNA breakage, and chromatin 
condensation130, which were observed in this study. The amount of chromatin condensation and damage, which 
are characteristics of cell apoptosis, was measured by a DNA fragmentation assay. The combination protocol 
showed a pronounced DNA fragmentation effect at a relatively lower dose than abietic acid and doxorubicin 
treatments alone, which validated our findings. This observation matched other previous studies showing 
Flavokawain B and Doxorubicin Work Synergistically to induce DNA damage by ROS-Mediated Apoptosis 
and Autophagy Pathways131and Artesunate induce DNA damage with doxorubicin in Doxorubicin-Resistant 
T Leukemia Cells by induction of ROS-mediated apoptosis132. In the present study, flow cytometry was used to 
determine how combination treatment affects both the cell membrane and nuclear damage, and Annexin-V/PI 
was used to determine the proportions of living and dead cells128. The current study revealed that, whereas the 
abietic acid, doxorubicin, and combination treatments decreased the number of viable cells and increased the 
number of apoptotic cells, the number of viable cells was greatest for the untreated cells. There was a tiny increase 
in cell viability after abietic acid treatment that could be explained as abietic acid is a natural diterpenoid, and 
it has been reported in some studies to exhibit bioactive properties that may influence cell viability, including 
cytoprotective anti-inflammatory and antioxidant effects under the specific experimental conditions used in this 
study133–136. Hence, this was one of the major aims of the study to use natural product compound that enhance 
activity of chemotherapeutic drugs without exerting additional cytotoxicity to cells. A greater proportion of cells 
in the combination treatment group than in the abietic acid and doxorubicin treatment groups exhibited both 
late apoptosis and necrosis at relatively lower doses. This observation matched with previous studies showed 
that doxorubicin combination therapy had enhanced effect at relatively low doses causing more than 90% late 
apoptosis/necrosis137,138. The possible explanation is the combined mechanisms of DNA fragmentation, ROS 
mediated apoptosis, cell membrane blebbing and reduced cell viability leads to enhanced activity shown in abietic 
acid-doxorubicin combination with minimal toxicity on normal cells as observed in our study. Interestingly, 
while doxorubicin alone is a potent cytotoxic agent that significantly reduces cell viability, the addition of abietic 
acid may partially counteract this effect by mitigating doxorubicin-induced stress or apoptosis in a subset of cells. 
This could result in a modest but non-significant increase in viable cells compared to doxorubicin alone. On the 
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other hand, the combination therapy was able to induce late necrosis (UR). This suggests that the combination 
of abietic acid and doxorubicin may alter the mode of cell death, shifting it from apoptosis (which is more 
characteristic of doxorubicin alone) to necrosis. This shift could be due to abietic acid’s influence on cellular 
stress pathways, mitochondrial function, or membrane integrity, leading to a different cell death phenotype. On 
contrast, Abietic acid, demonstrated less apoptotic effect for the Caco-2 cells despite its previously documented 
antiproliferative activity and early apoptosis on MCF-7 55. This could be attributed to the effect specific to 
cancer cell type, and antiproliferation effect can result from cell cycle arrest and cell senescence with apoptosis-
independent cell death139, which can be complemented by other target-specific mechanisms as previously shown 
in literature138,140. The hypothesis was also confirmed on HCT-116 colorectal cell line that is known for its 
chemotherapeutic resistance141,142. The combination therapy was able to induce both synergistic apoptotic effect 
as well as cell cycle arrest matched with previously observed literature for combination therapy Curcumol with 
5-FU143and Metformin, Sodium Oxamate with Doxorubicin144. Thus, these findings provide additional evidence 
that an apoptotic mechanism mediates the cytotoxic effects of abietic acid-doxorubicin combination.

Numerous stress signals, including DNA damage and an aberrant cell cycle, trigger the intrinsic apoptotic 
pathway. It is controlled by genes and proteins that are both pro- and antiapoptotic, and it triggers the cascade of 
caspases that kill these cells145. To elucidate the mechanism of abietic acid, doxorubicin, and their combination, 
the route of action of the essential key regulatory signals of apoptosis (caspase-3, Bax, Cyt-c, Bcl-2 and p53) 
was investigated. The key apoptotic markers caspase-3, Bax (extra-mitochondrial membrane marker)146,147, p53 
(extra mitochondrial membrane marker)148,149, Cyt-c (intra-mitochondrial membrane marker)150,151are used 
for evaluation. Caspase-3 is known as central executioner marker for apoptosis and responsible for the initiation 
of both intrinsic and extrinsic pathways152,153. Therefore, it was interesting for us to assess the modulation of 
these markers on gene level. The expression of caspase-3, Bax, Cyt-c and p53 proapoptotic genes increased while 
Bcl-2gene was downregulated. The Bax/Bcl-2 ratio was 17.6-fold with combination therapy and greater than 
control, abietic acid and doxorubicin matched with previously observed anticancer agents77,78. This may indicate 
combination therapy enhances cell’s capacity to react to an apoptotic signal confirmed by the intracellular Bax/
Bcl-2 ratio that acts as prognostic indicator for tumor aggressiveness, progression and assesses a cell’s propensity 
for apoptosis74–76,154,155. This genetic modulation effect was reflected in the increase in the expression of their 
corresponding proteins (Cyt-C, Casp-3, p53, Bax) with decrease in expression of Bcl-2 protein with significant 
difference in expression level between doxorubicin or its combination. This may be explained as the combination 
therapy at lower doses was able to give similar effect shown in doxorubicin on the expression level of proteins 
to improve the response of Caco-2 cells to doxorubicin by enhancing the ability of cells to undergo apoptosis. It 
worth to mention that although caspase-3 is a cytosolic protein that mediates apoptosis in caco-2 cells, it would 
be better to measure the proteolytic change in caspase-3 and other key apoptotic mediators in the future as a 
reflection for signal transduction that ultimately leads to apoptosis156and as a prognostic biomarker for tumor 
stages and cell differentiation status following combination treatment157. Also, it worth to measure other key 
proteolytic intermediate protein mediators in the future as a reflection for signal transduction that ultimately 
leads to apoptosis156and as a prognostic biomarker for tumor stages and cell differentiation status following 
combination treatment157.

It worth to mention that doxorubicin did not show a significant effect on both TNF-α and the NF-κBgenes. 
The response to doxorubicin can vary significantly depending on the cell line-specific response158. Caco-2 cells, 
which were employed in this study, may exhibit inherent resistance or alter sensitivity to doxorubicin due to 
differences in drug uptake, efflux mechanisms and intracellular signaling pathways159–161. For example, some 
studies have reported that Caco-2 cells express high levels of drug efflux transporters such as P-glycoprotein, 
which could reduce intracellular doxorubicin concentrations and attenuate its apoptotic effects162–164. Therefore, 
the NF-κB and TNFα gene expression level with doxorubicin treatment only were reduced but overexpressed 
after combinatorial therapy suggesting the synergistic effect. Also, the concentration of doxorubicin and the 
duration of treatment for 24 h used in our study were optimized to evaluate combination effects with abietic acid. 
These conditions may not have been sufficient to fully induce the expected NF-κB and TNFα gene expression 
level response. It is possible that higher concentrations or longer exposure times would be required to observe 
significant apoptosis in this model. Moreover, while ROS, NF-κB and TNFα induction are primary mechanisms 
of doxorubicin-induced cell death, our data suggest a shift toward other mechanisms of action as induction of 
apoptosis through intrinsic mitochondrial pathway supported by our data for overexpression of key apoptotic 
genes (Cyt-C, p53, Casp-3, Bax and Bcl-2) matched with other studies165–167. Also, the necrosis observed in 
the combination treatment group may indicate that the presence of abietic acid alters the cellular response to 
doxorubicin, potentially through modulation of NF-κB and TNFα levels, mitochondrial function, or other stress 
pathways. These findings suggest that the effect of doxorubicin on NF-κB and activation can vary depending 
on different factors. On the other hand, the abietic acid-doxorubicin combination was shown to enhance 
the expression of TNF-α and the NF-κB signalling pathway in contrast to doxorubicin. TNF-α functions as 
a proinflammatory cytokine that is involved in inflammation and cancer, including cellular differentiation, 
proliferation, and apoptosis168,169. Its tumorigenic activity is mediated by activating the proinflammatory 
transcription factor NF-κB, which induces the expression of genes related to the progression and development 
of cancer, including (i) antiapoptotic genes such as Bcl-2, Bcl-xL, Survivin, and c-IAP1/2; (ii) invasive genes 
(MMP-9, ICAM-1, and VCAM-1); (iii) growth factors (Cyclin D1, c-MYC, interleukin 1, and interleukin 6; and 
(iv) angiogenic factors (VEGF)170,171. However, TNF-α was identified in other studies as an anticancer factor 
because of its exceptional capacity to elicit apoptosis in human malignant cells while sparing normal cells169,172. 
The possible mechanism includes binding to cellular TNF-α receptor 1 (TNFR1), which causes cancer cells 
to undergo apoptosis by activating reactive oxygen species (ROS) and releasing Cyt-C from mitochondria, 
or by attracting TNFR-associated death domain (TRADD) and Fas-associated protein with death domain 
(FADD)173–176. Considering this mechanism, combination therapy involving TNF-α and NF-κB activation as 
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well as elevated Cyt-C can sensitize Caco-2 cells to boost TNF-α-mediated apoptosis and inflammation to cure 
cancer.

Moreover, previous research has shown that many cancer cell types have an elevated HDAC activity, and 
inhibiting this activity would be a suitable therapeutic target for the treatment of cancer177,178. It was reported 
that standard HDAC inhibitors such as suberoylanilide hydroxamic acid (SAHA) stimulates both intrinsic and 
extrinsic apoptosis pathways. Additionally, SAHA induces G2M phase arrest after 24 h and increases the number 
of sub-G1 cells, annexin V-FITC positive cells, and mitochondrial membrane potential (MMP) loss, reduction 
in Bcl-2 level, and increasing cleavage of PARP, Bax, and caspase-3 activity179. Our data showed abietic acid was 
able to inhibit HDAC activity in away similar to Trichostatin standard HDAC inhibitor and much more than 
doxorubicin and combination therapy was able to enhance HDAC inhibitory activity to 68.74% at lower dose 
matched with all previously mentioned inhibitory activity on growth of Caco-2 cells.

Colorectal cancer patients have a high mortality rate because of tumor development and metastasis to distant 
regions180. Compared to abietic acid or doxorubicin monotherapy, wound healing experiments showed that 
the invasion and migration rate of combination-treated Caco-2 cells were dramatically reduced at relatively 
lower doses in a time-dependent manner. Previous study showed naringin combined with doxorubicin had a 
synergetic inhibitory influence on MCF-7 cells migration122. Also, Oxymatrine showed significant inhibition of 
cell migration with co-treatment with doxorubicin in colorectal cancer cells181. Moreover, benzophenanthridine 
alkaloid sanguinarine, chelerythrine and chelidonine inhibited cell migration at concentrations below apparent 
cytotoxicity in co-treatment with doxorubicin182. All these studies were consistent with the observed effect of 
our study for the combination therapy on reducing cell proliferation DNA damage, reducing cellular repair and 
enhancing cell death, which are all reflected in the rate of wound healing closure. The current study suggests a 
new combination chemotherapy strategy for the management of Caco-2 cancer cells as example for colorectal 
cancer that deserve trial on all other cancer types. It was demonstrated that abietic acid inhibited the invasiveness 
of Caco-2 cells and increased the anticancer effect of doxorubicin by inducing apoptosis. Nevertheless, further 
research in future is needed to determine the anticancer efficacy of abietic acid-doxorubicin combination on 
both in-vivo and clinical level as supplement to effectively manage colorectal cancer patients with prescribed 
chemotherapeutic drugs at lower doses. Also, studying the modulation in the proteolytic activity of several 
markers may give indication for signal transduction activity mediated by abietic acid for several pathways. Also, 
it worth to test the effect of this combinatorial regimen on the protein level of several ket regulatory proteins. 
Finally, it may be interesting to test the epigenetic effect of the combination therapy on some key modulatory 
markers for epigenetics such as Histone deacetylases (HDACs) and DNA methyltransferases (DNMT’s).

Conclusion
The combination of abietic acid with doxorubicin notably reduced the viability of Caco-2 colorectal cancer 
cells in a synergistic manner. Moreover, the combined therapy caused apoptotic cell death because it changed 
the morphology of the cells, induced DNA fragmentation, reduced wound healing closure, and stimulated the 
expression of apoptotic markers (caspase-3, Bax, Cyt-C and p53) with reduction of Bcl-2 at both gene and 
protein levels as well as inflammatory inducers (TNF-α and NF-κB). We suggest that using abietic acid with 
doxorubicin has promising antiproliferative and apoptotic properties and can be used for manging colorectal 
cancer cells. Nonetheless, further research is needed, particularly regarding the molecular process of apoptotic 
cell death by investigating western blotting analysis for comparative analysis with ELISA data for some key 
apoptotic markers such as caspase-3 as well as some of key regulatory proteins and epigenetic markers such 
as HDACs and DNMT’s are of valuable roles to understand the combination effect of the drugs. Finally, in-
vivo and clinical studies will be of substantial interest to open the window for new therapeutic approaches for 
management of colorectal and other cancer cell types.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files]. Any further datasets generated during and/or analysed during the current study are available 
from the corresponding author on reasonable request.
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