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Abstract 

Malignant pleural mesothelioma (MPM) is a lethal and aggressive cancer due to exposure to 

asbestos since this carcinogen is still being used in industrial buildings and housing in several 

countries. Untreated MPM has a median survival time of 12 months, and most people die 

within 24 months after diagnosis. If caught early, surgery may be performed. Treatment 

option for palliative care is limited using platinum with pemetrexed. Malignant transformation 

of a cell is attributed to a series of genetic and epigenetic events involving alterations in 

several oncogenes, tumor suppressor genes, and others. Different anticancer and 

antioxidants with anticancer properties were tested individually and in combination to find 

the best synergistic effect in killing MSTO-211H, a lung mesothelioma cell line used as model 

of MPM. Once the combination was identified, assays and staining methods such as MTT, 

Rhodamine123, Hoechst 33342, Nuclear ID Red/Green, and Western Blot were performed to 

identify different proteins involved in apoptosis and cell signaling cascade to proof the 

cytotoxic effect of the combine anticancer and antioxidant treatment. Combination of 

Paclitaxel (PAC) at 3 µM and Resveratrol (RSV) at 62.5 µM showed synergistic effect on MSTO-

211H cells by causing inhibition of epidermal growth factor receptor (EGFR), inhibition of 

mitogen activated protein kinases (MEKs) 1-4, inhibition of programmed death ligand-1 (PDL-
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1), inhibition of cell cycle proteins, and induction of caspases 3-8. This study provided possible 

potential application of using RSV as a chemo-enhancing compound with PAC in the treatment 

of MPM.  
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1. Introduction 

Malignant pleural mesothelioma (MPM) is an exceptionally lethal and aggressive cancer 

originating in the pleural cavity also impacting the outer lining of the lung [1, 2]. Both genders are 

equally susceptible to MPM when exposed to asbestos, predominantly through occupational or 

environmental means, with approximately 80% of reported cases attributed to male workers [3-5]. 

Asbestos, a group fibrous mineral of 3-4000 products, historically has been utilized in numerous 

commercial products and non-commercial buildings for centuries. Asbestos harbors carcinogenic 

fibers, contributing to various cancer [2].  

Despite its prohibition use in Western countries, MPM incidence persists in regions where 

asbestos use remains prevalent, notably in rural or industrialized areas undergoing building 

renovations with asbestos [5, 6]. However, environmental exposure continues due to human 

activities disturbing natural asbestos deposits, compounded by residential proximity to asbestos-

rich locations like underground rock formations [4]. A significant milestone was achieved on March 

19, 2024, as the United States Environmental Protection Agency (EPA) issued a landmark ruling to 

ban chrysotile asbestos, the sole form of asbestos use in the US [7].  

MPM carries a dismal prognosis, with a median survival ranging from 6 to 18 months and a 5-

year survival rate of less than 5%. Due to its latency of 20 to 60 years post-exposure to asbestos, 

patients with MPM are often diagnosed at an advanced stage [4, 8-10]. This bleak outlook is 

exacerbated by the disease's aggressive nature. Furthermore, it is often compounded by the lack of 

reliable screening tools, specific biomarkers, and effective systemic therapies [8-10].  

Currently, a diagnostic method involving immunohistochemical expression of serine and 

arginine-rich splicing factor 1 (SRSF1) was tested in a preliminary study. SRSF1 appears to be 

involved in MPM pathogenesis, and its expression may serve as a useful prognostic biomarker [11]. 

Additionally, this group of researchers used ATG7 immunohistochemical expression to assess the 

overall survival (OS) of patients with MPM. A significant correlation between ATG7 expression and 

the overall survival of patients with MPM was observed, with a mean OS of 12.5 months in patients 

with high expression versus a mean OS of 4.5 months in patients with low ATG7 expression [12]. 

MPM affects up to 1.5 million people in the USA annually, some in the form of the accumulation 

of pleural fluid (MPE), with the majority being MPM. Approximately 3200 new cases of MPM are 

diagnosed annually in the United States. This leads to significant healthcare resource usage and 

hospital admissions, with a median stay of 5.5 days in the hospital, causing an estimated $5 billion 

in healthcare costs per year [13]. 
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Current standard care of MPM includes surgery with intent to cure if early stage of MPM 

diagnosis is identified or palliative care using combination chemotherapy of platinum such as 

carboplatin or cisplatin and anti-folates such as pemetrexed [14, 15]. There is no clear evidence to 

support the use of neo-adjuvant or adjuvant chemotherapy or second or third agents to treat MPM.  

Currently, immunotherapy with checkpoint inhibitors targeting programmed death ligand 1 (PD-

L1), such as nivolumab, durvalumab, or pembrolizumab, or cytotoxic T-lymphocyte–associated 

antigen 4 (CTLA-4), such as ipilimumab or tremelimumab, are being tested in phase II or III clinical 

trials [16, 17]. Any attempt to treat MPM is a very welcoming addition treatment options to this 

aggressive lethal cancer [18, 19]. 

Paclitaxel (PAC) is a compound isolated from taxus brevifolia that works as anticancer drug by 

promoting tubulin polymerization and stabilizing microtubules from depolymerizing which causes 

mitotic arrest and cells death [20, 21]. This taxane has been approved by the Food and Drug 

Administration (FDA) for the treatment of ovarian, breast, and lung cancers [22]. 

Resveratrol (RSV), trans-3,4’,5-trihydroxystilbene, is a naturally occurring polyphenolic 

compound found in many foods mostly red grapes which has antioxidant activity and had been 

studied extensively as a chemo-preventive agent against various types of human cancers. The 

compound works by inhibiting cancer initiation, promotion, and progression [23, 24]. 

In the present study, the effects of PAC at the lowest concentration, either individually or in 

combination with RSV at the appropriate concentration, were analyzed to identify their utility as 

treatment options for MPM. 

2. Materials and Methods 

2.1 Cell Culture and Media 

MSTO-211H (ATCC), a human MPM cell line used in this study as a model, was cultured in RPMI-

1640 media (Corning) supplemented with 10% fetal bovine serum (FBS) and 1% 

streptomycin/penicillin (ATCC). This cell line exhibited fibroblast morphology that was isolated in 

1985 from the lung of a 62-year-old, white male patient with biphasic mesothelioma.  

MPM is classified into three major histological subtypes: epithelioid, sarcomatoid, and biphasic, 

with each subtype exhibiting distinct biological behaviors and treatment responses. The MSTO-

211H cell line was selected as a representative model due to its biphasic nature, which consists of 

both epithelioid and sarcomatoid components. This makes it a valuable model for studying the 

broader range of biological behaviors seen in MPM, as it encompasses characteristics of both major 

subtypes. As such, MSTO-211H provides a reasonable prototype for exploring potential treatment 

strategies for MPM in a cost-effective manner. 

The cells were maintained in incubator at 37°C in 5% CO2 humidified environment. To confirm 

there is no contamination with mycoplasma and other contaminant, Mycofluor Mycoplasma 

Detection Kit, and Cell Culture contamination Detection Kit (both from Invitrogen) were used. There 

was no contamination detected. 

2.2 MTT Assay 

Cell viability was assessed using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium 

bromide) (Sigma) assay, as previously described [21, 22]. Initially, MTT was employed to determine 
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the selection of doses that cause death of 50% viable cancer cells when exposed to various 

anticancer compounds individually, such as afatinib, irinotecan, doxorubicin, sorafenib, etoposide, 

gemcitabine, capecitabine, vincristine, docetaxel, and paclitaxel. Additionally, various antioxidants, 

including N-acetyl cysteine, alanine, curcumin, glutathione, and resveratrol, were tested in MSTO-

211H cells. Combinations of the lowest anticancer concentrations and antioxidants demonstrating 

the best synergistic effects were selected for further experiments. Briefly, MSTO-211H cells were 

plated in a 96-well microplate at a density of 1 × 105 cells/ml and incubated overnight to allow 

adherence. The cells were then treated with a series of concentrations of resveratrol (RSV) (Sigma), 

paclitaxel (PAC) (LC Laboratories), or their combination. After 24 hours of incubation at 37°C in 5% 

CO2, 50 µl of MTT solution (2 mg/ml) was added to each well, followed by a 4-hour incubation at 

the same conditions. Subsequently, 150 µl of dimethyl sulfoxide (DMSO)(Amresco) was added to 

dissolve the violet-blue crystals. Cell viability was measured using a spectrophotometer (Molecular 

Devices) at an absorbance of 570 nm. 

2.3 Morphological Analysis 

The alterations in morphology of MSTO-211H cells following treatment with PAC, RSV, or their 

combination for 0 and 24 hours were captured using an inverted microscope (Motic AE31), as 

detailed in prior studies [25, 26]. 

2.4 Wound-Healing Assay 

To assess the potential of PAC, RSV, or their combination to inhibit cellular migration, MSTO-

211H cells were cultured at a density of 1 × 105 cells/ml in a 12-well dish for 24 hours. Subsequently, 

a scratch assay was performed using a sterile pipette tip. The migration area was then photographed 

at 40× magnification using an inverted microscope. The width of the scratch was measured at 0- 

and 24-hours post-scratch, in accordance with established protocols [25, 26].  

2.5 Apoptosis Assay 

To observe the nuclear chromatin morphological changes in MSTO-211H cells resulting from 

treatment with PAC, RSV, or their combination, a NucBlue™ live cell Hoechst 33342 (Life 

Technologies) staining assay was conducted following established protocols [25, 26]. Subsequently, 

the quantities of apoptotic and non-apoptotic cells were captured using the Floid Cell Imaging 

Station (Life Technologies), and fluorescence intensities were measured using Image J software 

(NIH). A histogram was then prepared to compare the percentage changes of apoptotic cells among 

the different treatment groups. 

2.6 Mitochondrial Membrane Potential (ψm) Assay 

To determine alterations in mitochondrial membrane potential, cells were stained with the 

Rhodamine 123 fluorescence probe (Sigma) following established procedures [25, 26]. 

Subsequently, the relative intensities of green fluorescence were captured using FLoid cell imaging. 
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2.7 Intracellular ROS Assay 

To compare intracellular ROS generation in MSTO-211H cells following individual treatment with 

PAC, RSV, or their combination, an H2DCF-DA (2',7'-dichlorodihydrofluorescein diacetate) 

(Invitrogen) staining assay was conducted according to the manufacturer's protocol (Invitrogen), as 

previously reported [25, 26]. The relative intensities were then captured using the Floid Cell Imaging 

Station. 

2.8 Live and Death Cells Assay 

To assess alterations in the deoxynucleic acid (DNA) of MSTO-211H cells resulting from treatment 

with PAC, RSV, or their combination, a Nuclear-ID Red/Green cell viability assay was conducted 

following the manufacturer's protocol (Invitrogen), as previously described [26]. This assay utilizes 

a simultaneous combination of red and green dyes to distinguish live and dead cells, which were 

captured using the Floid Cell Imaging System. Subsequently, a histogram was prepared to compare 

the quantities of live and dead cells using Image J software. 

2.9 Western Blot Analysis 

Western blot analysis was conducted to assess changes in the levels of key proteins following 

treatment of MSTO-211H cells with PAC, RSV, or their combinations, in accordance with established 

procedures [23, 24]. Briefly, proteins were extracted from cells using RIPA buffer supplemented with 

protease and phosphatase inhibitors (Sigma), and their concentrations were determined using the 

Bradford protein assay following the manufacturer's protocol (BioRad Laboratories). Equal amounts 

of 50 μg proteins were then loaded onto 10% polyacrylamide gels and separated via electrophoresis. 

Subsequently, the proteins were transferred onto Immuno-Blot PVDF membranes using the Trans 

Blot Turbo system (BioRad Laboratories) for 30 minutes. The membranes were blocked for 2 hours 

in 5% dry milk (Santa Cruz Biotechnology) dissolved in Tris-buffered saline containing 0.1% Tween-

20 (TBST) at room temperature. Following blocking, the membranes were incubated overnight with 

specific primary antibodies. The next day, the membranes were washed several times in TBST and 

then incubated for 2 hours with secondary antibodies. Primary antibodies Casp-3, -7, -8. -9, cyclin 

D1, cyclin B1, cytochrome C, PDL1, and AIF-1 (Cell Signaling Technology). Other antibodies β-actin, 

Bax, Bcl2, CDK7, EGFR, and MEK-1, -2, -3, -4 (Santa Cruz Biotechnology). Protein bands were 

visualized using Enhanced Chemiluminescence (ECL) (BioRad) Western blotting detection reagents, 

and images of the bands were captured using the Bio-Rad ChemiDoc XRS+ imaging system. 

2.10 Colony Formation Assay 

To evaluate the ability of a cell to proliferate indefinitely and form a large colony or clone, 1000 

viable MSTO cells were plated in a 24-well plate, followed by treatment with PAC, RSV, or their 

combination for 1 day as described previously [27]. The media were removed the next day and 

replaced with fresh media. The cells were then incubated for 10-14 days in 5% CO2 at 37°C. 

Subsequently, the cells were fixed with methanol for 15 minutes, followed by staining with 0.05% 

crystal violet diluted in DPBS for 15 minutes. After washing with DPBS, the stained colonies were 

photographed. 
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2.11 Statistical Analysis 

Statistical results were expressed as the mean ± SD of three independent sets of experiments. 

Differences between individual and combination treatment groups were assessed using Newman-

Keuls one-way ANOVA. Significance levels were defined as follows: * P < 0.05, ** P < 0.01, and *** 

P < 0.001. 

3. Results 

3.1 Cells Viability and Selection of Doses  

MTT assay results demonstrated that both Paclitaxel (PAC) and Resveratrol (RSV) reduced the 

viability of MSTO-211H cells in a dose-dependent manner. Initially, individual anticancer agents, 

including Sorafenib, Doxorubicin, Etoposide, Gemcitabine, and PAC, were tested at concentrations 

ranging from 0 to 100 µM to determine their cytotoxic effects (EC50). Similarly, antioxidants such 

as Vitamin C, Curcumin, Alpha-Lipoic Acid, and RSV were tested individually across a concentration 

range of 0 to 1000 µM. Of the anticancer agents, PAC exhibited the lowest EC50 at 3 µM. The 

combination of RSV at 62.5 µM and PAC at 3 µM showed the strongest synergistic effect. Figures 

1(A) and 1(B) illustrate cell viability after 24- and 48-hour treatments with serial PAC concentrations 

(0–100 µM), while Figures 1(C) and 1(D) depict cell viability after treatment with PAC (3 µM) 

combined with serial RSV concentrations (0–1000 µM) compared to RSV alone. 

 

Figure 1 (A) and (B). MTT assay of MSTO-211H cell viability treated with serial 

concentration of paclitaxel (PAC) for 24 hr or 48 hr. (C) and (D). MTT result using PAC 3 
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µM and RSV at serial concentration from 0-1000 µM for 24 hr and 48 hr. versus cells 

treated by RSV only using serial concentration for 24 hr or 48 hr. 

3.2 Changed in Cell Morphology 

The morphology of cells was altered in all treatment groups compared to the control. In Figure 

2, healthy control cells exhibited fibroblast-like growth, adhering to the culture dish, whereas cells 

treated with a combination of PAC and RSV demonstrated extensive cell death, with most cells 

floating in the media. Treatment with PAC alone or in combination with RSV resulted in changes in 

cell morphology after 24 hours of treatment. 

 

Figure 2 Inverted microscopic images of MSTO-211H after 24 h treatment with PAC 3 

µM, RSV 62.5 µM or combination of PAC and RSV. Combination of PAC and RSV caused 

almost all cells death, detaching from the flask. Scale bar indicated 100 µm. 

3.3 Changed in Cell Migration 

After 24 hours of treatment, the combination of PAC and RSV induced a significant decrease in 

cell viability, with nearly all cells dying compared to the control group. In the control group, MSTO-

211H cells exhibited substantial migration, almost completely covering the culture dish within 24 

hours, indicative of the initial steps in cancer metastasis for MSTO-211 cells. Treatment with RSV 

alone resulted in a notably slower migration of cells compared to the control as shown in Figure 3. 
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Figure 3 Inverted microscope images of cell migration assay of MSTO-211H after 24 h 

treatment with PAC 3 µM, RSV 62.5 µM or combination of PAC and RSV. Control cells 

migrated back after 24 hr, but combination PAC and RSV caused almost complete cell 

deaths. Scale bar indicated 100 µm. 

3.4 Induction of Apoptosis  

The combination of PAC and RSV treatment induced more apoptosis than PAC or RSV alone, as 

detected using the Hoechst 33342 staining method. Apoptotic cells exhibited a bright blue color due 

to condensed and fragmented nuclei, while control cells showed lower fluorescence intensity, 

indicating normal and healthy cells (Figure 4(A)). Figure 4(B) displays a histogram comparing 

apoptotic and non-apoptotic cells, analyzed using Image J software. 

Furthermore, Western blot analysis showed changes in the expression of pro-apoptotic Bax and 

anti-apoptotic BCl2 proteins suggested intracellular ROS generation. The ratio of Bax/BCl2 was 

slightly higher in cells treated with RSV or in cells treated with combination of PAC and RSV as 

compared to control cells (1.01 for RSV and 1.04 for combo vs.0.97 control). ROS generation also 

led to a reduction in mitochondrial membrane potential, resulting in increased release of 

cytochrome C into the cytosol, further inducing apoptosis. A significant increase in cytochrome C 

was observed in cells treated with the combination of PAC and RSV (Figure 4(C)). Figure 4(D) displays 

the histogram depicting cells treated with PAC, RSV, or a combination of PAC and RSV. 
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Figure 4 (A) Fluorescence microscopic images of cells after 24 h stained with Hoechst 

33342. Bright nuclei indicated apoptotic cells. Histogram in (B) represented the 

percentage of apoptotic cells and normal cells from different treatment groups 

comparing to control. ***p < 0.001, post hoc Newman-Keuls test. (C) Western blot 

analysis data showed expression of Bax, BCl2, and cytochrome C after treatment of cells 

with PAC, RSV, or combination of PAC and RSV. (D) showed slight change in the ratio of 

pro-apoptotic Bax/anti-apoptotic BCl2 in cells treated with combination of PAC and RSV 

(ratio of Bax/Bcl2 in PAC, RSV or combination were 0.96, 1.01, 1.04 respectively vs. 0.97 

of the control). Significant increased in cytochrome C was observed in combination 

group comparing to control. *** p < 0.001, post hoc Newman-Keuls test. 

3.5 Depletion Mitochondrial Membrane Potential (ѱm) 

Depletion of mitochondrial membrane potential, indicative of cell death, was identified by the 

generation of reactive oxygen species (ROS), observed in cells treated with individual PAC, RSV, or 

the combination of PAC and RSV after staining with Rhodamine 123. Figure 5(A) showed control 

cells exhibiting higher fluorescent intensity, indicating a healthier membrane potential compared to 

treated cells. The depletion in mitochondrial membrane potential was more pronounced in cells 

treated with the combination of PAC and RSV, suggesting a synergistic effect between the 

anticancer agent and the antioxidant. 

Furthermore, Western blot analysis confirmed the depletion of mitochondrial membrane 

potential showing increase in apoptosis-inducing factor (AIF-1), mitochondrial proteins that mediate 

caspase-independent cell death. Apoptosis occurred in mitochondria due to several key proteins, 

such as caspase 3, -7, -8, and -9. The activation of caspases 3, -7, -8, and -9 signifies a crucial event 

in cancer cell apoptosis. The combination of PAC and RSV indicated a direct role in the activation of 

initiator caspases (caspase-8 and -9) and executioner caspases (-3 and -7) (Figure 5(B)). Figure 5(C) 
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illustrates a comparison of the changes in these proteins depicted as a histogram from different 

treatment groups. 

 

Figure 5 (A) Fluorescence microscopic result from changed in mitochondrial membrane 

potential (ψ) after cells were staining with Rhodamine 123. Pronounced decreased in 

mitochondrial membrane potential was observed in combinational cells. Scale bar 

indicated 100 µm. (B) Western blot analysis from different signaling activity of proteins 

involved in caspase cascade and AIF-1. (C) showed histogram represents up-regulation 

of AIF-1 and cas-3, and -9 in cells treated with combination of PAC and RSV comparing 

to control. ** p < 0.01, *** p < 0.001, post hoc Newman-Keuls test. 

3.6 Intracellular ROS Generation 

Intracellular ROS generation was evaluated using the H2DCFDA staining method. Control cells 

exhibited lower ROS formation, indicated by a darker green intensity, compared to cells treated 

with PAC or RSV alone. However, cells treated with the combination of PAC and RSV demonstrated 

the highest intracellular ROS generation, characterized by a brighter green intensity, surpassing 

both the control and cells treated with PAC or RSV individually as shown in Figure 6. 
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Figure 6 Fluorescence microscopic images of intracellular ROS generated in cells stained 

with H2DCFDA. Combination of PAC and RSV indicated higher levels of ROS with bright 

color than PAC or RSV alone. Scale bar indicated 100 µm. 

3.7 Increased in Cell Death 

The viability of MSTO-211H cells treated with PAC, RSV, or a combination of PAC and RSV was 

evaluated using the Nuclear-ID Red Green cell staining method. Green fluorescence indicated cells 

undergoing death, as they were impermeable to the nucleic acid dye, while red fluorescence 

indicated live cells, which were permeable to the nucleic acid dye. In the control group, cells 

exhibited a red or orange color when the images from the red and green dyes were merged, 

indicating cell viability. However, treatment with the combination of PAC and RSV resulted in the 

highest number of cell deaths, as evidenced by the green or yellow color observed after merging 

the red and green dyes (Figure 7(A)). Figure 7(B) illustrates the histogram depicting the proportion 

of dead and alive cells in all groups, as measured using Image J software. 

 

Figure 7 (A) Fluorescence microscopic result from alive and death nucleic acid staining 

using Nuclear-ID red/green cell viability method. Combination treatment of cells with 
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PAC and RSV showed significant decreased of alive cells. Scale bar indicated 100 µm. (B) 

Histogram of different treatment groups comparing death and alive cells comparing to 

control. *** p < 0.001, post hoc Newman-Keuls test.  

3.8 Modulation of Cell Cycle Proteins  

Inhibition of cell cycle regulatory proteins is considered an important strategy in the treatment 

of MPM. Western blot analysis revealed a decrease in the band intensity of CDK7, CDK2, cyclin B1, 

and cyclin D1, which play important roles in cell cycle regulation, in cells treated with the 

combination of PAC 3 µM and RSV 62.5 µM (Figure 8(A)). Figure 8(B) displays a comparison of the 

changes in cell cycle proteins depicted as a histogram from different treatment groups. 

 

Figure 8 (A) Western blot analysis of proteins involved in cell cycle regulation. The 

expression of CDK7, cyclin D1 and cyclin B1 significantly decreased in cells treated with 

combination of PAC and RSV. Slight decreased in CDK2 was noticed. (B) showed 

histogram down regulation of these proteins comparing to control. *** p < 0.001, post 

hoc Newman-Keuls test. 

3.9 Decreased in MEK 1-4 Proteins 

Aberrant cell signaling of mitogen-activated protein kinase (MAPKs), along with its active and 

phosphorylated form, mitogen-activated protein kinases kinase (MEKs), is identified to contribute 

to cancer progression. Western blot analysis of MEK 1-4 revealed a significant decrease in cells 

treated with PAC, RSV, or the combination of PAC and RSV compared to the control cells, as depicted 

in Figure 9(A). Figure 9(B) presents a histogram illustrating the changes in MEK 1-4 proteins across 

different treatment groups. 
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Figure 9 (A) Western blot analysis of MEK-1, -2, -3, and -4 after treatment of cells with 

PAC, RSV, or their combinations. The expression of these proteins was significantly 

decrease in cells treated with combination of PAC and RSV. (B) showed histogram 

expression of these proteins comparing to control. *** p < 0.001, post hoc Newman-

Keuls test. 

3.10 Modulation of EGFR and PDL-1  

The epidermal growth factor receptor (EGFR) plays a pivotal role in enhancing cancer growth, 

invasion, and metastasis. In this study, a combination of PAC and RSV notably reduced EGFR 

expression in MSTO-211 cells (Figure 10(A)). EGFR activation is known to upregulate programmed 

death ligand 1 (PDL1). Remarkably, the combination of PAC and RSV also led to decreased 

expression of PDL1, indicating the cytotoxic effects of this combination therapy through the 

inhibition of both PDL1 and EGFR. Figure 10(B) illustrates the changes in EGFR and PDL1 expression 

depicted as a histogram across different treatment groups. 

 

Figure 10 (A) Western blot analysis of EGFR and PDL1 after treatment of cells with PAC, 

RSV, or their combinations. The expression of these proteins was significantly decrease 

in cells treated with combination of PAC and RSV. (B) showed histogram expression of 

these proteins comparing to control. **p < 0.01, *** p < 0.001, post hoc Newman-Keuls 

test. 
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3.11 Decreased in Colony Formation 

The impact of PAC, RSV, and their combined treatment on colony formation was studied using 

microscopy, and the resulting colonies were photographed. A colony, defined as consisting of at 

least 1000 cells in 24 well-plates, exhibited a decrease in formation with PAC, RSV, or their 

combination treatments. The lowest number of colonies was observed with the combined 

treatment, as shown in Figure 11.  

 

Figure 11 Colony Formation of MSTO cells treated with RSV, PAC, or their combination 

in comparison to control cells. 

4. Discussion 

The present study provides convincing evidence that resveratrol (RSV) as an antioxidant has a 

synergistic effect with lower concentrations of the anticancer agent PAC, leading to cell death in 

MPM cells. While these two compounds have been studied individually or in combination in various 

cancer types, to the best of my knowledge, this study is the first to demonstrate the beneficial 

synergistic effect of combining RSV with PAC in MSTO-211, a model used for MPM cells. A study by 

Fukui et al. reported that RSV attenuates the anticancer efficacy of PAC in MDA-MB-435 and MDA-

MB-231 human breast cancer cell lines but not in MCF-7, another breast cancer cell line. Additionally, 

RSV didn’t attenuate PAC’s effect in HepG2 human hepatocellular carcinoma cells, DU-145 human 

prostate carcinoma cells or MIA-PaCa-2 human pancreas carcinoma cells [28]. They used PAC 

concentration of 20 nM, while 3 μM was used in this study. Furthermore, Fukui et al.'s study 

summarized that RSV exerted no protective effect against PAC-induced cell death. However, the 

present study aimed to identify if the use of a high dose of RSV could have a synergistic effect on 

PAC at a lower dose in MPM. Several studies have reported that RSV could inhibit the growth of 

cancer cells in vitro when present at a high concentration of above 50 μM or when used in 

combination with other anticancer drugs [29-32]. RSV at 62.5 μM didn’t cause cytotoxic effects on 

normal kidney cells HEK 293 in preliminary study.  

The main findings of this study indicated that at a low dose of 3 μM PAC and RSV at 62.5 μM, 

more cell death was observed than with individual PAC or RSV alone. Decreased in cell viabilities, 
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induction of ROS formation, increased in pro-apoptotic caspases -3, -7, -8, -9, decreased in 

expressions of MEK -1, -2, -3, -4, decreased in cell cycle regulatory proteins, and decreased in PD-L1 

and EGFR expression demonstrate how the combination of PAC and RSV could inhibit MPM cell 

growth from severe metastatic cancer. In a study conducted by Chae et al., the impact of quercetin 

(Qu), a compound found in plants, was examined. They found that Qu triggered the activation of 

Bid and caspase-3, while simultaneously reducing Bcl-xL levels and increasing Bax levels in MSTO-

211H cells. Additionally, they observed a decrease in cyclin D1 expression mediated through the Sp1 

gene [33]. These results closely parallel to my findings, where I also observed a decrease in Bcl-xL 

and an increase in Bax levels, as well as a reduction in cyclin D1 expression. These changes are critical 

in inhibiting the proliferation and survival of MSTO cells, underscoring the importance of targeting 

these pathways in cancer therapy. A study used RSV 15 µM and clofarabine 40 nM synergistically 

caused apoptosis signal via p53-dependent pathway in MSTO cells as well [34]. 

The combination of RSV and PAC reduced MSTO-211H cell viability to a greater extent than 

treatment with RSV or PAC alone. An increase in nuclear condensation of apoptotic cells stained 

with Hoechst 33342 was observed at a higher level than with individual RSV or PAC treatment. 

Additionally, nuclear-ID red/green cell staining data confirmed that more cell deaths were observed 

in MSTO-211H cells treated with combined PAC and RSV treatment. 

Evidence suggests that cancer cells generate more intracellular ROS than normal cells [35]. 

Increased ROS levels in MPM are associated with the modulation of several key signaling proteins 

involved in DNA damage, changes in tumor suppression proteins, apoptosis, and cell cycle 

regulation and differentiation [36, 37]. Activation of AIF-1, a tumor suppressor, and initiator of 

caspases -8 and -9 forming the apoptosome, which further activates executioner caspases -3 and -

7 during cell death. This study shows for the first time that the combination of PAC and RSV 

significantly initiates the apoptotic cascade through activation of AIF-1 and enhanced expression of 

caspases -3, -7, -8, and -9. 

ROS also plays a crucial role in modulating the pro-apoptotic protein Bax and the anti-apoptotic 

protein Bcl2. Slight changed in the ratio of Bax/Bcl2 were identified in cells treated with RSV alone 

or combination of RSV and PA versus control. The modulation of Bax/Bcl2 is preceded by the 

collapse of the mitochondrial membrane potential, which has been associated with the initiation of 

the caspase cascade leading to cell death [38]. The reduction in mitochondrial membrane potential, 

which causes the release of cytochrome C into the cytosol, further signifies apoptotic events [39]. 

The expression of cytochrome C was significantly higher in cells treated with the combination of 

PAC and RSV. Furthermore, an increase in ROS accumulation was confirmed by the H2DCFDA 

staining assay, indicating a synergistic effect of PAC and RSV. Rhodamine 123 staining also confirmed 

a reduction in mitochondrial membrane potential in the combined PAC and RSV treatment group. 

The combination of RSV and PAC also caused a decrease in MEK-1, -2, -3, -4 expressions. MAPKs 

are Ser/Thr kinases that play an important role in cellular responses such as proliferation, 

differentiation, transformation, and apoptosis [40]. Chemotherapeutic agents that target the 

aberrant cell signaling of MAPKs and their active phosphorylated forms of MEK-1, -2, -3, and -4 

provide promising therapeutic benefits. 

The combination of RSV and PAC also had a profound effect on inhibiting proteins involved in cell 

cycle regulation. Several cells cycle regulatory proteins such as cyclin-dependent kinases, cyclin D1, 

along with Cyclin C and E, have been shown to inhibit the G1 phase, while cyclin B1 inhibits the 

G2/M phase [41-43]. Inhibition of cyclin B1 and D1 was observed in the combination of PAC and 
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RSV. Additionally, CDK2, which inhibited G1/S phase, and CDK7, which inhibited the G2 phase, were 

also noted in the combination of PAC and RSV. This study showed significant downregulation of cell 

cycle proteins at different phases of the cell cycle, which could provide promising future treatments 

for MPM. 

Cancer cells have been known to secrete epidermal growth factor (EGF) and other growth factors 

to activate receptor tyrosine kinases, leading to the phosphorylation of tyrosine residues, which 

further causes unlimited mitotic proliferation of cancer cells [44, 45]. EGFR is commonly upregulated 

in metastatic colorectal, breast, or non-small cell lung cancers [46-48]. As a multifunctional cell 

growth regulator that can stimulate cell proliferation, promote the growth and differentiation of 

epidermal cells and other tissue cells, and stimulate the malignant transformation of cells, targeting 

EGFR could provide a beneficial effect in MPM treatment [44]. In this study, the combination of PAC 

and RSV inhibited the expression of EGFR more than individual PAC or RSV alone. Additionally, EGFR 

has also been known to activate downstream cell signaling such as cyclin D1 and CDK4/6 involved 

in cell cycle progression [46, 47]. Therefore, targeting the inhibition of EGFR can serve as an 

important biomarker and a potentially successful treatment for MPM. 

Cancer cells have also been shown to be sensitive to immunotherapy such as checkpoint 

inhibitors that function as negative regulators of programmed death ligand 1 (PDL-1) [49-52]. PDL1 

is a glycoprotein molecule that is expressed in various immune cells and cancer cells such as 

hepatocellular carcinoma, colorectal cancer, breast cancer, lung cancer, pancreatic cancer, and 

MPM [49-53]. A recent meta-analysis study assessing the potential prognostic significance of PDL-1 

expression in MPM concluded that high expression of PDL-1 significantly can be used as a prognostic 

tool for poor outcomes in patients with MPM [53]. This study showed that the combination of PAC 

and RSV, which decreased PDL-1, may be used as a treatment option in the future. The proposed 

diagram shows mechanism of action of combine PAC and RSV in causing cell death and cell cycle 

arrest in PMP [Figure 12]. 

 

Figure 12 Schematic diagram representing the apoptosis signaling proteins and cell cycle 

arrest when MSTO cells were treated with PAC and RSV combination. 
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5. Conclusions 

Malignant pleural mesothelioma (MPM) is a highly aggressive cancer with limited treatment 

options, typically associated with poor prognosis. Standard therapies, such as surgery, 

chemotherapy, and radiation, often yield suboptimal results, highlighting the need for novel 

therapeutic strategies. The combination of Paclitaxel (PAC), a well-established chemotherapeutic 

agent, and Resveratrol (RSV), a natural antioxidant with anticancer properties, has demonstrated 

synergistic cytotoxic effects in vitro, suggesting a potential new avenue for MPM treatment. 

In this preclinical study, the PAC-RSV combination led to a significant increase in cancer cell death, 

primarily through the inhibition of cell cycle proteins and induction of apoptosis via caspase-3, -7, -

8, and -9 pathways. Furthermore, this combination inhibited key oncogenic signaling molecules such 

as MEK1-4, PDL1, and EGFR, which are frequently overexpressed in MPM. By blocking these 

pathways, the PAC-RSV combination not only limits cancer cell proliferation but also enhances 

immune recognition and promotes apoptosis, effectively reducing tumor growth. 

Given the limited treatment options available for MPM, the findings from this study provide a 

promising foundation for advancing the PAC-RSV combination into clinical trials. The ability of these 

agents to target multiple mechanisms of cancer progression — including cell cycle arrest, immune 

checkpoint inhibition, and apoptosis induction — offers a multifaceted approach that could enhance 

treatment efficacy and overcome resistance to conventional therapies. If validated in clinical trials, 

this combination therapy could become a novel, effective treatment option for MPM patients, 

improving both survival rates and quality of life. 

The results from this study underscore the potential for PAC and RSV to be integrated into 

existing therapeutic regimens or developed as a standalone treatment for MPM, ultimately 

providing hope for patients with this challenging disease. 
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