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Introduction: Methotrexate (MTX) is a widely used anti-metabolite drug in cancer therapy, but its efficacy is often hindered by
reactive oxygen species (ROS)-induced cellular toxicity. Resveratrol, a natural polyphenol, possesses antioxidant and anticancer
properties. Therefore, this in vitro study aimed to investigate the synergistic anti-proliferative and anti-inflammatory effects of MTX
and resveratrol in human THP-1 cells.

Methods: THP-1 cells were differentiated into macrophage-like cells using phorbol 12-myristate 13-acetate. In vitro experiments
assessed the impact of various concentrations of MTX and resveratrol on cell viability and proliferation using the MTT assay.
Concentration-effect curves were generated to elucidate their relationship. Gene expression was analyzed by RT-qPCR, while
chemokine expression was measured via ELISA. Phagocytic and migratory activities were also evaluated.

Results: Differentiated THP-1 cells were treated with MTX and resveratrol and stimulated with dimethyl sulfoxide (DMSO) and
lipopolysaccharide (LPS) as inflammatory stimuli. The combination of MTX and resveratrol exhibited an anti-proliferative effect in
THP-1 cells (p = 0.03). The concentration-effect curve revealed IC50 values of 49.15 ng at 24 hours (R = 0.8236) and 2.029¢-005 pg at
48 hours (R =0.97) for MTX, and 20.17 pg at 48 hours (R = 1.000) and 55.38 pg at 96 hours (R = 0.9666) for resveratrol. Co-treatment with
MTX and resveratrol significantly reduced mRNA and chemokine expression of CCL2, CCL3, CCL4, CCLS, and CXCL10 (p < 0.05).
Moreover, decreased phagocytic and migratory activities were confirmed by phagocytosis and migration assays (p < 0.05).

Conclusion: The combination of MTX and resveratrol effectively attenuated pro-inflammatory activity in THP-1 cells, as evidenced
by the downregulation of mRNA and chemokine expression. These findings suggest that the synergistic effects of MTX and resveratrol
hold promise for enhancing cancer therapeutics.
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Introduction

Methotrexate (MTX), an anti-inflammatory and anti-metabolic drug,' is widely used as a therapeutic agent in a number of
inflammatory diseases such as inflammatory bowel disease,” psoriasis, rheumatoid arthritis, systemic lupus erythematosus,*
transplantation,” and malignancies.® The immunomodulatory effectiveness of MTX stems from its intricate and multifaceted
mechanisms, which influence the immune system and induce changes. MTX possesses the ability to antagonize crucial
enzymes involved in the biogenesis of purines and pyrimidines, thereby limiting the turnover of cancerous cells.” MTX also
mediates the release of cellular adenosine, which in turn enhances its anti-inflammatory activity by interacting with and
inhibiting neutrophils, lymphocytes, and macrophages.®'° Moreover, MTX stimulates the production of reactive oxygen
species (ROS) by inhibiting dihydrofolate reductase, thereby depleting tetrahydrobiopterin, an essential cofactor of nitric
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oxide (NO)."" Additionally, it downregulates matrix metalloproteinases such as MMP-1, MMP-3, MMP-9, MMP-13, and
TIMP-1." MTX also inhibits the nuclear factor-kB (NF-kB) signaling pathway which is responsible for inducing immune
responses by promoting the production of IL-6, IL-1p, and MMPs."? Furthermore, MTX halts the JAK/STAT signaling
pathway, crucial for the upregulated expression of pro-inflammatory chemokines in inflammatory diseases.'*

Macrophages are essential components of the immune system, strategically positioned within tissues to fulfill various
biological functions.'> Most importantly, they orchestrate adaptive immune response by engulfing, neutralizing, and
presenting foreign antigens.'® They generate pro-inflammatory and anti-inflammatory chemokines to recruit other immune
cells to respond to infection and injury so as to prevent hyperresponsive immune system'’ Nevertheless, macrophages have
also been implicated in cellular events that lead to chronic inflammation, carcinogenesis, and tumor progression.'®'? For
instance, a handful of studies have correlated inflammation in rheumatoid arthritis with elevated macrophage count.?’ 2

Altered macrophage differentiation has been demonstrated to affect tumour progression®>>* Despite the well-established
anti-proliferative effects of MTX on tumor cells, its anti-inflammatory activity on macrophages requires further elucidation.
A study by Municio et al (2018) conducted both in vitro and in vivo experiments and reported that MTX attenuated the
proinflammatory responses of macrophages by upregulating the expression of A20, a suppressor of NF-kB. This resulted in
a reduced inflammatory response of macrophages to pathogenic agents such as lipopolysaccharide (LPS) and synovial fluid
from rheumatoid arthritis (RA) patients.?® In another recent study by Fuentelsaz-Romero et al (2021), investigating the anti-
inflammatory properties of MTX, it was found that MTX suppresses the gene expression of human macrophages by inhibiting
one carbon metabolism (OCM). This mechanism primes macrophages to become tolerant to lipopolysaccharide (LPS), a key
trigger of the inflammatory process.*®

Resveratrol (3,5,4’-trihydroxytransstilbene) is a polyphenolic compound found naturally in various edible sources
such as mulberries, grapes, and peanuts. Over the past few decades, several in vitro and in vivo research studies have
investigated the diverse biological properties of resveratrol. These include its anti-inflammatory, antioxidant, anti-
atherogenic, anti-platelet, estrogen-like growth-enhancing, growth-antagonizing, immunomodulatory, and chemopreven-
tive effects.’’ 2 Resveratrol is a strong anti-oxidant agent and possesses free radical scavenging activity owing to its
property to stimulate diverse anti-oxidant enzymes.*°

Regarding the synergistic effects of MTX and resveratrol on macrophages, no relevant studies have been conducted
thus far. Only a limited number of studies have focused on elucidating the role of resveratrol in reversing MTX-induced
cellular damage.?”*® A study conducted by Tunali-Akbay et al (2010) revealed elevated levels of serum TNF-a following
administration of MTX. Subsequent investigation demonstrated that resveratrol was able to reduce these elevated TNF-a
levels.”” Studies have shown that MTX promotes oxidative tissue injury by increasing the production of free radicals.
This in turn triggers leukocyte accumulation and activates neutrophils, leading to the release of enzymes such as
myeloperoxidase. These enzymes further exacerbate the secretion of free radicals, contributing to tissue damage.”'

This in vitro study aimed to investigate the immunomodulatory functions of MTX alone and in combination with
resveratrol, along with the associated molecular changes, using the THP-1 cell line. Specifically, the objectives were to:
(1) assess the synergistic effects of MTX and resveratrol on monocyte cell proliferation, (2) determine the inhibitory
activity (IC50) of MTX and resveratrol in THP-1 cells, (3) measure the mRNA expression levels of various proin-
flammatory chemokines in MTX- and resveratrol-treated THP-1 cells, (4) observe the effects of MTX and resveratrol on
the expression of proinflammatory chemokines in THP-1 cells, (5) assess the effect of the combination of MTX and
resveratrol on phagocytic activity, and (6) explore the effect of co-administration of MTX and resveratrol on migratory
activity in macrophages. In this study, we treated THP-1 cells with MTX alone or in combination with resveratrol,
employing various cellular assays to scrutinize biological changes.

Materials and Methods

Culture and Growth of THP-1 Cells

Human THP-1 monocytic cells (ATCC, Manassas, Virginia, USA) were cultivated in RPMI 1640 medium (Catalog
number: 21875034, Thermo Fisher Scientific, Waltham, MA, USA) complemented with 10% complement-inactivated
fetal bovine serum (FBS) (Catalog number: 10100147, Thermo Fisher Scientific, Waltham, MA, USA), 1% Pen Strep
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(10,000pg/mL  streptomycin, 10,000 Units/mL Penicillin) (Catalog number: 15140122, Thermo Fisher Scientific,
Waltham, MA, USA), and 1% of 200mM L-Glutamine (Catalog number: G7513, Sigma-Aldrich, St. Louis, MO,
USA). The cells were then kept at a temperature of 37°C, 5% CO,, and 95% air.

THP-1 Differentiation into Macrophage-Like Cells

To differentiate THP-1 cells into macrophage-like cells, treatment with 100 ng/mL of phorbol 12-myristate 13-acetate for
48 hours in 6-well cell culture plates was performed (Catalog number: P1585,Sigma-Aldrich, St. Louis, MO, USA).
Undifferentiated cells were then separated by rinsing with serum-free RPMI 1640 medium before conducting every
experiment. For stimulation, THP-1 cells were exposed to 100 ng/mL of lipopolysaccharide (LPS) from Escherichia coli
026:B6, a gram-negative bacteria (Catalog number:L5543, Sigma-Aldrich, St. Louis, MO, USA) for 48 hours.

Treatment of Macrophage-Like Cells with Methotrexate and Resveratrol

Differentiated THP-1 cells (macrophage-like cells) were treated with dimethyl sulfoxide (DMSO) (Catalog number: D8418,
Sigma-Aldrich, St. Louis, MO, USA) as a control for group 1 and 100 ng/mL of lipopolysaccharide (LPS) as a control for group
2. Furthermore, THP-1 cells were also treated with MTX (5ug/mL) alone or in combination with resveratrol (50 pg/mL and
100 pg/mL) and 100 ng/mL of LPS. Values denote the mean of triplicate experiments performed after 48 hours of incubation.

MTT Assay for Cell Proliferation

For cell viability and proliferation, the MTT assay was performed following the manufacturer’s protocol (Catalog number:
G3582,Promega, Madison, Dane, USA). THP-1 cells were exposed to MTX (5ug/mL) alone or in combination with resveratrol
(50pg/mL  and 100pg/mL). Briefly, serum-containing media were replaced with serum-free media and MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] reagent. Cells were then placed into 96-multiwell cell culture
plates at a volume of 5x10” cells per well and incubated at a temperature of 37°C for 48 hours. Next, the CellTiter 96* AQueous
One Solution Reagent was added to every well and incubated for a further 4 hours at 37°C. Absorbance was detected at 490nm
through a 96-well microtiter™ microplates reader (ThermoFisher Scientific™, USA). All experiments were performed as a set of
three experiments. Cell proliferation was expressed as absorbance at 490nm with controls (vehicle untreated cells) for different
time points.

Concentration-Effect Curve

The concentration-effect curve was constructed to elucidate the relationship between MTX and resveratrol and its
corresponding effect, represented by the percentage of inhibition. The curve serves as a graphical representation of the
drug’s potency and efficacy. The inhibitory concentration 50% (ICsg) value, a critical parameter derived from this curve,
signifies the concentration at which 50% inhibition of the intended biological response occurs. The ICs, value serves as
a crucial metric for quantifying the potency of the drug and provides valuable insights into its pharmacological activity.

Expression Analysis

RT-qPCR analysis was performed to determine the gene expression. Total RNA was extracted from cultured THP-1 cells
by utilizing the QIAamp RNA Blood Mini Kit (Catalog number: 52304,Qiagen, Hilden, Germany) according to the
manufacturer’s guide. Followed by cDNA synthesis using All-in-One ¢cDNA Synthesis SuperMix (Catalog number:
11766050, Thermo Fisher Scientific, Waltham, MA, USA). The generated cDNA was used for real-time PCR experi-
ments. The mRNA levels were measured.> > Assays for gene expression used in this study were obtained from
ThermoFisher Scientific (Catalog number: 4331182, Waltham, MA, USA) and included: CCL2 (Hs00234140 ml),
CCL3 (Hs00234142 ml), CCL4 (Hs99999148 ml), CCLS (Hs00982282 ml), and CXOCL10 (Hs00171042 ml).
Afterwards, TagMan Fast Advanced qPCR Master Mix (Catalog number: A28522, Applied Biosystems) was set up
and amplification reaction was performed through Applied Biosystems 7900HT Fast Real Time PCR System. Relative
gene expression data were analyzed using the ACt method. The mRNA expression of investigated genes was normalized
to Beta-actin (ACTB). The mRNA expression data were shown as change in mean + standard deviation (SD) relative to
the control (DMSO and LPS treated) cells.
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Enzyme-Linked Immunosorbent Assay (ELISA)

The ELISA assay was performed to determine the production of chemokine via Quantikine®™ ELISA Kit (Catalog number:
DCP00, DMA00, DMB00, DRNOOB and DY266,R&D Systems, Minneapolis, MN, USA) as per manufacturer’s guidelines.
Each well of 96-well cell culture plates was supplemented with 100pL of cell culture supernatants and incubated for 2 hours at
room temperature. Afterward, wells were rinsed four times with subsequent addition of primary antibodies and incubation for
2 hours at a room temperature. Then, HRP-Conjugated Streptavidin (100uL) was added to the wells and incubated for a further
20 minutes. This was followed by the addition of 100uL of the chromogenic substrate and further incubation in the dark for
30 minutes at room temperature. The process was concluded by the addition of stop solution (50puL) to every well. Absorbance
was detected at optical density of 450 nm through a 96-well microtiter™ microplates reader (BioTek Instruments, Winooski,
VT, USA). At last, the protein concentration was quantified through BioTek Gen5 Data Analysis Software.

Phagocytosis Assay

The phagocytic activity was observed through the Phagocytosis Assay Kit (Zymosan Substrate) (Catalog number: ab211156,
Abcam, Cambridge, UK). MTX and resveratrol-treated THP-1 cells were incubated with Zymosan suspension for 75 min-
utes. The THP-1 cells were kept under the medium of serum-free RPMI at 5% CO, and 37°C temperature. Afterward, the
cells were rinsed thrice with a serum-free RPMI medium, followed by treatment of each well with 100uL of fixative to
prevent external particles from degrading the specimen. Finally, absorbance was detected at an optical density of 405nm
using the SpectraMax®™ MiniMax™300 Multi-Mode Detection Imaging Cytometer (Molecular Devices, CA, USA).

Migration Assay

Cell migration ability was assessed using the Transwell plates (Catalog number: ab235693, Abcam, Cambridge,
UK). In total, 1x10° cells were placed on the Transwell chamber and serum-free culture medium (200 pL) was
included. The lower partition of the chamber was supplied with 10% fetal calf serum and varied combinations and
concentrations of MTX (5pg/mL) and resveratrol (50pg/mL and 100pg/mL). Next, after 48 hours, residual cells in
the upper partition of the chamber were eliminated and the cells under the surface were stained with 0.5% crystal
violet for 10 minutes and then fixation was done with 70% ethanol. Finally, a total of six fields of vision (x100
magnification) were decided at random and used to monitor cell migration.

Statistical Analysis

Research data were analyzed using GraphPad Prism 9.0 (GraphPad Software, Inc, La Jolla, CA, USA) and were
presented as means =+ standard deviation (SD) and standard error of the mean (SEM) using error bars. To check the
level of significance and differences between untreated and treated samples, analysis of variance (ANOVA) was
performed followed by a post hoc test (Bonferroni’s test). The P wvalues will be set at *P<0.05, **P<(.005,
**%P<(0.001, and ****P<0.0001 to be considered statistically significant.

Results
Phagocytosis Study Using Light Microscopy

To assess phagocytic activity, heat-killed zymosan particles were introduced to the culture in serum-containing medium.
Light microscopy analysis clearly depicted the engulfment of zymosan particles by the macrophage cells (Figure 1).

Synergistic Effects of MTX and Resveratrol on Monocyte Cell Proliferation

To investigate the impact of MTX and resveratrol on monocyte cell proliferation, a MTT assay was conducted. Cells
were treated with Spg/mL of MTX alone or in combination with 50 or 100pg/mL of resveratrol. Analysis revealed that
co-administration of Sug/mL of MTX and 100pg/mL of resveratrol did not significantly alter monocyte cell proliferation
compared to untreated control cells. However, both Spg/mL of MTX alone (p = 0.0203) and in combination with 50ug/
mL of resveratrol (p = 0.0493) significantly reduced monocyte cell proliferation at each time point (see Figure 2).
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Figure | Light microscopy of macrophage differentiated THPI cells after exposure to Zymosan particles indicating that the particles were engulfed by the cells.
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Figure 2 Effects of the combination of methotrexate (MTX) and resveratrol on THP-I cell proliferation. The graph demonstrates the time-dependent effect of 5 pg/mL
MTX on cell proliferation after incubation with different concentrations of resveratrol (50 and 100 pg/mL) from 0 to 10 days after exposure. Each data point represents the
mean of three independent replicates. Each point is the mean of triplicates for three independent experiments. Statistical significance was established using anova analysis
with Bonferroni post-test. * is p= < 0.05.

Determination of Inhibitory Activity (ICso) of MTX and Resveratrol in THP-1 Cells
The viability of THP-1 cells was assessed using the MTT assay, with treatments consisting of varying concentrations of MTX and
resveratrol over 24, 48, and 96-hour periods. Concentration-effect curves were generated to determine % inhibition as a function
of drug concentration, aiding in the calculation of IC50 values (the concentration required to induce 50% cell death). Figure 3A—
D depicts the impact of MTX and resveratrol on THP-1 cells, revealing differing responses over time. The IC50 values for MTX
were 49.15pg at 24 hours (R = 0.823) and 2.029e-005ug at 48 hours (R = 0.97), while those for resveratrol were 20.17 pg at
48 hours (R =1.000) and 55.38 pug at 96 hours (R = 0.9666). These findings suggest that the response of THP-1 cells to MTX and
resveratrol treatment varies over time. The observed differences in IC50 values between MTX and resveratrol at different time
points may reflect distinct kinetics of drug action or varying sensitivities of THP-1 cells to each compound.
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Figure 3 Concentration response curve for Methotrexate and Resveratrol in THP|-differentiated macrophages. The graph illustrates the concentration-effect relationship
for Methotrexate (MTX) and Resveratrol, showing the percentage inhibition of cell growth as a function of drug concentration after 24 h exposure. The IC50 values

represent the concentrations at which 50% inhibition of growth occurs. Panels (A and B) display the IC50 values for Methotrexate, while panels (C and D) present the IC50
values for Resveratrol.

mRNA Expression Levels of Various Proinflalmmatory Chemokines in MTX and
Resveratrol Treated THP-I Cells

To assess the mRNA expression levels of proinflammatory chemokines (CCL2, CCL3, CCL4, CCLS5, and CXCL10) in
THP-1 cells treated with LPS and/or MTX alone or in combination with resveratrol, qRT-PCR analysis was employed.
The results indicated an insignificant increase in the expression of CCL2 mRNA when cells were treated with 5 ug/mL of
MTX and 50 or 100 pg/mL of resveratrol compared to control cells treated with DMSO (p = >0.9999 and p = 0.3667,
respectively). Conversely, CCL2 mRNA expression significantly decreased when treated with 100 ng/mL LPS in
combination with 5 pg/mL of MTX and 50 or 100 ug/mL of resveratrol compared to LPS-treated control cells (p =
0.0004 and p = 0.0007, respectively) (Figure 4a).

Similarly, CCL3 mRNA expression increased significantly with 5 pg/mL of MTX and 100 ug/mL of resveratrol
compared to DMSO control cells (p = 0.0002). However, it decreased significantly when treated with 100 ng/mL LPS in
combination with 5 pg/mL of MTX and 50 or 100 pg/mL of resveratrol compared to LPS-treated control cells (p =
0.0147 and p = 0.0168, respectively) (Figure 4b). Furthermore, CCL4 mRNA expression substantially increased with 100
ng/mL LPS treatment compared to DMSO-treated control cells and with 5 pg/mL of MTX and 100 pg/mL of resveratrol
when 5 pg/mL of MTX alone was considered as control (p > 0.9999). Conversely, it significantly decreased when treated
with 100 ng/mL LPS in combination with 5 pg/mL of MTX and 50 or 100 pg/mL of resveratrol compared to LPS-treated
control cells (p = 0.0027 and p = 0.0034, respectively) (Figure 4c).

Moreover, CCLS mRNA expression significantly increased with Spg/mL of MTX with or without 100 ng/mL of LPS
compared to DMSO or LPS-treated control cells (p = 0.0005 and p < 0.0001, respectively). Conversely, it significantly
decreased when treated with 100 ng/mL of LPS in combination with 5 pg/mL of MTX and 50 or 100 pg/mL of
resveratrol compared to LPS-treated control cells (p = 0.1 and p = 0.0002, respectively) (Figure 4d).

8090 e Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Al-Nasser et al

IRNA expression level of CCL2
mRNA expression level of CCL3

mRNA expression level of CCL4
a
N

o

wwwwwwww

mRNA expression level of CCLS

Figure 4 mRNA expression levels of chemokines in THP-I cells. The results depict the mRNA expression levels of chemokines in THP-I cells post exposure to MTX,
resveratrol, LPS, or a combination of the stimulants as shown in the graphs. (@) mMRNA expression level of CCL2, (b) mRNA expression level of CCL3, (c) mRNA expression
level of CCL4, (d) mRNA expression level of CCL5, and (e) mRNA expression level of CXCLI0. The samples were processed in triplicate for three independent experiments,
and the data are presented as mean values + SEM. Statistical significance was established using Anova analysis with Bonferroni post-test. * is p < 0.05, **p < 0.01, **p < 0.001,
*¥¥p < 0.0001.

Lastly, CXCL10 mRNA expression increased significantly with Spg/mL of MTX compared to DMSO-treated control cells
(p=0.0022). However, it decreased with co-administration of 5 pg/mL of MTX and 50 or 100 pg/mL of resveratrol compared
to MTX alone (p = 0.0076 and p = 0.0086, respectively). Similarly, it decreased upon treatment with 100 ng/mL of LPS along
with 5 pg/mL of MTX and 50 or 100 pg/mL of resveratrol compared to LPS-treated control cells (p = 0.0005 and p = 0.0005,
respectively) (Figure 4¢).

Effects of MTX and Resveratrol on Expression of Proinflammatory Chemokines in
THP-1 Cells

The ELISA assay was employed to quantify the expression of various chemokine proteins in THP-1 cells subjected to different
treatments. The results demonstrated a significant increase in CCL2 expression upon treatment with 100 ng/mL of LPS compared
to DMSO-treated control cells (p = 0.0009). However, treatment with Spg/mL of MTX and 50 or 100 pg/mL of resveratrol, with
or without LPS, led to a significant decrease in CCL2 expression compared to DMSO-treated control cells (p = 0.0022 and
p = 0.0009, respectively) and LPS-treated control cells (p < 0.0001) (Figure 5a). Similarly, CCL3 expression significantly
decreased with 100 ng/mL of LPS treatment compared to DMSO-treated control cells (p = 0.0002). However, co-treatment with
Sug/mL of MTX and 50 or 100ug/mL of resveratrol, in the presence of LPS, led to an increase in CCL3 expression compared to
LPS-treated control cells (p = 0.0137 and p = 0.0778, respectively) (Figure 5b).

Furthermore, treatment with 100 ng/mL of LPS significantly increased CCL4 expression compared to DMSO-treated
control cells (p = 0.0002). However, all other concentrations led to a decrease in CCL4 expression compared to DMSO-
treated control cells. Interestingly, co-treatment with 5 ug/mL of MTX and 50 or 100 ug/mL of resveratrol, in the
presence of LPS, significantly increased CCL4 expression compared to the control group (p < 0.0014) (Figure 5c).

Regarding CCLS expression, treatment with Spg/mL of MTX and 50 or 100 pg/mL of resveratrol significantly
decreased expression compared to DMSO-treated control cells (p < 0.0093), whereas co-treatment with 100 ng/mL of
LPS and 5pg/mL of MTX significantly increased expression compared to LPS-treated control cells (p = 0.0023)
(Figure 5d). Exposure to 100 ng/mL of LPS significantly increased CXCL10 expression compared to DMSO-treated
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Figure 5 ELISA analysis of macrophage cell culture supernatant. ELISA results show the concentrations of analytes in the macrophage cell culture supernatant following
stimulation with DMSO as a control for group | and LPS as a control for group 2. Group | includes MTX (5 pug/mL) only or with additional concentrations of resveratrol
(50 pg/mL and 100 pg/mL), while group 2 comprises MTX (5 pg/mL) only or with additional concentrations of resveratrol (50 pg/mL and 100 pg/mL), all with LPS (100 ng/
mL). (a) expression level of CCL2/MCP-1, (b) expression level of CCL3/MIP-1a, (c) expression level of CCL4/MCP-1, (d) expression level of CCL5, and (e) expression level
of CXCLIO0. All samples were processed in triplicate for three independent experiments, and the data are presented as mean values + SEM. Statistical significance was
established using Anova analysis with Bonferroni post-test. *p < 0.05, **p < 0.01, ***p < 0.001, **¥p < 0.0001.

control cells. However, co-administration of 100 ng/mL of LPS with 5Spg/mL of MTX and 50 or 100 pg/mL of
resveratrol significantly decreased expression compared to the group treated with 100 ng/mL of LPS and 5Spg/mL of
MTX alone (p < 0.0001) (Figure Se).

Combination of MTX and Resveratrol Significantly Decreases Phagocytic Activity in
Macrophages Compared to DMSO (Group 1) and LPS (Group 2) Controls

The results from the phagocytosis assay using Zymosan particles revealed that macrophage cells treated with Spg/mL of
MTX along with 50 or 100 pg/mL of resveratrol exhibited significantly reduced phagocytic activity compared to DMSO-
exposed cells (control) (p = 0.0352 and p = 0.0458, respectively). Similarly, macrophage cells treated with 100 ng/mL of
LPS also showed significantly decreased phagocytic activity compared to the control (p = 0.0325). Interestingly, the
addition of 5 ug/mL of MTX to 100 ng/mL LPS-treated macrophage cells resulted in a significant increase in phagocytic
activity (p = 0.0001). Moreover, although macrophage cells treated with LPS along with 5 ug/mL of MTX in
combination with 50 or 100 pg/mL of resveratrol exhibited higher phagocytic activity than those treated with LPS
alone (p = 0.0007 and p = 0.0019, respectively) (Figure 6).

Co-Administration of MTX and Resveratrol Negatively Affects Migratory Activity in
Macrophages Compared to DMSO (Group 1) and LPS (Group 2) Controls

The cell migration assay revealed significant differences between cells exposed to 100 ng/mL of LPS and untreated
control cells (p = 0.0038). Furthermore, macrophage cells treated with Spug/mL of MTX in combination with either 50 (p
< 0.0001) or 100pg/mL (p = 0.0002) of resveratrol exhibited markedly reduced cell migration capability compared to
cells treated with DMSO (control). Similarly, significant reductions in cell migration were observed when 100 ng/mL
LPS-treated cells were exposed to Spug/mL of MTX with 50 (p = 0.0035) or 100pg/mL (p = 0.0302) of resveratrol, as
compared to the LPS alone group (Figure 7).
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Figure 6 Phagocytosis assay using Zymosan particles. Macrophage cells were subjected to a phagocytosis assay using Zymosan particles. Group | was treated with DMSO as
a control, comprising MTX (5 pg/mL) only or with additional concentrations of resveratrol (50 pg/mL and 100 pg/mL). Group 2, which serves as another control, was
treated with LPS (100 ng/mL), including MTX (5 pg/mL) only or with additional concentrations of resveratrol (50 ug/mL and 100 pg/mL), all with LPS (100 ng/mL). The values
represent the mean of experiments conducted in triplicate after 48 hours of incubation. Statistical significance was determined using Anova analysis with Bonferroni post-
test. * is p < 0.05, ¥*p < 0.01, ***p < 0.001.
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Figure 7 Migratory potential of THP-1 cells. The migratory potential of THP-| cells was assessed using a migration assay. Group | was treated with DMSO as a control,
consisting of MTX (5 pg/mL) only or with additional concentrations of resveratrol (50 pug/mL and 100 pg/mL). Group 2, which serves as another control, was treated with
LPS (100 ng/mL), including MTX (5 ug/mL) only or with additional concentrations of resveratrol (50 ug/mL and 100 pg/mL), all with LPS (100 ng/mL). Statistical significance
was determined using Anova analysis with Bonferroni post-test. * is p < 0.05, **p < 0.01, **p < 0.001, **¥p < 0.0001.
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Discussion

Chemotherapy serves as the primary treatment modality for numerous types of cancer.’” MTX stands out among various
chemotherapeutic agents as a potent anti-metabolic drug, often administered alone or in combination with other anti-
neoplastic medications. Its versatility extends to the treatment of various malignancies, including but not limited to head
and neck, lung, breast, esophagogastric, gastric, and prostate cancers, as well as Hodgkin’s lymphoma, childhood acute
lymphoblastic leukemia, and osteosarcoma.’” Previous in vivo study has demonstrated that MTX reduces secretion of
pro-inflammatory chemokines, indicating its anti-inflammatory effect in chronic inflammatory diseases such as rheuma-
toid arthritis.>* However, the efficacy of MTX in treatment is hindered by its tendency to induce cellular toxicity through
reactive oxygen species (ROS) production.’***>® Hence, studies have suggested combining MTX with antioxidant
compounds to mitigate its ROS-induced toxicity.”*> Resveratrol, a natural polyphenol compound, possesses both
antioxidant and anticancer properties.”’ This research aimed to uncover the synergistic anti-proliferative and anti-
inflammatory effects of MTX and resveratrol in human THP-1 cells activated with DMSO and LPS.

Imbalances in homeostasis, triggered by internal or external stimuli, could initiate a cascade of cellular, metabolic,
and molecular processes, thereby revealing the status of the body’s inflammatory response.*® It is important to note that
persistently activated macrophages during inflammation have been linked in numerous chronic inflammatory
conditions.”® Activated macrophages exhibit elevated pro-inflammatory signalling such as NF-kB signalling.*
Furthermore, activated macrophages orchestrate immune responses by recruiting other immune cells to the site of injury
through chemoattractant proteins such as CCL2, CCL3, CCL4, CCLS5, and CXCL10.%* The transcriptional transfor-
mation in activated macrophages also allows for increased survival, proliferation, phagocytosis, and migration activity.*®

Overall, the current study demonstrated that co-treatment with MTX and resveratrol of DMSO and LPS-stimulated
THP-1 cells inhibited proliferation, migration, and phagocytosis and influenced the expression of numerous pro-
inflammatory proteins, as evidenced by decreased mRNA and protein expression of CCL2, CCL3, CCL4, CCLS5, and
CXCL10. To the best of our knowledge, this is the first in vitro study to evaluate the anti-inflammatory effects of MTX
and resveratrol together in DMSO and LPS-stimulated human THP-1 cells.

Monocyte-differentiated macrophages play a crucial role in the immune system, contributing to both the initiation and
resolution of inflammatory responses.*” While the function of cytokines in inducing macrophage polarization is well-
established, the role of chemokines in this process remains to be fully elucidated. In the present study, we observed
a reduction in the production and expression of pro-inflammatory chemokines, particularly CCL2, upon treatment with
a combination of MTX and resveratrol. This suggests that the combination treatment contributed to the diminished classical
activation of macrophages. One possible explanation for this phenomenon could be the disruption of miR-9-mediated
downregulation of Dusp6 and ERK-mediated signal transduction, mechanisms known to support macrophage activation.*®
The ERK signaling pathway is reportedly associated with proinflammatory macrophage polarization.*” Our findings are in line
with that of a previous study confirming that resveratrol substantially downregulates the expression of CCL2.>® A considerable
decrease in GM-CSF, a growth and differentiating factor for pro-inflammatory macrophages, with the administration of
resveratrol has also been reported.*® In support of this, another previous study has shown that the binding of resveratrol to
CCL2 inhibits its chemotactic effect on macrophages.’’ Asides the effect of resveratrol on CCL2 at the protein level,
Resveratrol has been discovered to influence the expression of numerous genes, encompassing those responsible for
cytokines, caspases, matrix metalloproteinases, adhesion molecules, and growth factors.> It is thus likely that resveratrol
inhibition of CCL2 expression coupled to the binding of resveratrol to CCL2 protein inhibited differentiation of THP1 into
macrophages or as observed in this study may inhibit activation of the THP1-differentiated macrophages. This inadvertently
inhibits the production of pro-tumor cytokines like TNF-a or VEGF subsequently starving cancer cells in the tumor
microenvironment (TME) (Figure 8). This coupled with MTX role in inhibiting folate synthesis may be an important
synergistic mechanism to effectively treat specific cancers that are responsive to cytokine activities.

The process of phagocytosis is an important determinant of the effective clearance of infection-causing microorgan-
isms, foreign antigens, and neoplastic cells. Phagocytosis is equally important for preserving tissue homeostasis.>> Our
results underscore a decreased phagocytic response of LPS-stimulated THP-1 cells with the co-administration of MTX
and resveratrol in DMSO. The release of chemokines is commonly stimulated by pro-inflammatory cytokines. For
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Figure 8 CCL2, expressed by various cellular components including immune cells and cancer cells, within the TME, plays a crucial role. Its impact extends beyond simple
chemotactic effects on CCR2-expressing monocytes/macrophages, also encompassing non-chemotactic effects. Resveratrol may prevent tumor growth through binding with
CCL2 molecule. This interaction may block CCL2 interaction with its receptor CCR2, preventing differentiation of monocytes to tumor associate macrophages (TAM),
resulting in no secretion of pro-tumor cytokines.

example, TNF-a induces the release of CXCL10 through the activation of the PI3K/Akt and p38 MAPK signaling
pathways, as well as the downstream NF-kB signaling pathway.>* In our study, we observed a decrease in mRNA and
protein expression of CXCL10, which may be attributed to the disruption in TNF-a signaling. Previous research has
demonstrated that TNF-a signaling disruption can also attenuate phagocytic function.>

In the tumor microenvironment, the infiltration of immune cells is crucial for cancer prognosis. Chemokines play
a pivotal role in mediating the migration of immune cells and supporting the survival and proliferation of cancer cells, as
discussed earlier. These molecular mechanisms have significant implications for cancer progression and treatment
outcomes.’®>” Interestingly, our findings revealed that co-administration of MTX and resveratrol effectively suppressed
the migration of stimulated THP-1 cells. Notably, CCL2, CCL3, CCL4, CCLS, and CXCL10 are well-established
chemoattractant proteins involved in cell migration.*' *> These chemokines play pivotal roles in recruiting immune
cells to sites of inflammation or injury, as well as in promoting the migration of cancer cells within the tumor
microenvironment.”® The ability of MTX and resveratrol to attenuate the migration of THP-1 cells suggests
a potential therapeutic strategy for modulating immune cell trafficking and their role in inhibiting tumor metastasis.

In human THP-1 cells, the expression of CCL2 and CXCL10 was markedly suppressed upon co-treatment with MTX and
resveratrol, providing evidence for the potential mechanism underlying the observed reduction in cell migration ability. Our
results align with previous research indicating that treatment with resveratrol leads to a significant downregulation of CCL2
and CXCLI10 expression.>® Notably, our study represents the first investigation into these underlying cellular responses in
differentiated THP-1 cells following co-treatment with MTX and resveratrol. This novel exploration sheds light on the
intricate interplay between these compounds and their effects on chemokine expression, offering valuable insights into
potential therapeutic strategies for modulating immune cell behavior and inhibiting tumor metastasis.

Before concluding, here are few things worth discussing. Firstly, in this study, we treated THP-1 cells with MTX alone or
in combination with resveratrol, employing various cellular assays to scrutinize biological changes. THP-1, an acute leukemia
monocytic cell line derived from humans, is extensively utilized for investigating macrophage functions, signaling pathways,
and drug-induced inflammatory and immune responses. Serving as a reliable in vitro model, THP-1 cells allow assessment of
macrophage proliferation, differentiation, migration, and immune modulation in response to external stimuli. Recent studies

have underscored the utility of THP-1 cell lines in elucidating immune-modulatory responses induced by natural compounds
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and conventional drugs, a notion corroborated by the findings of our current investigation. Secondly, the reason to investigate
the effects of MTX and resveratrol at different time points was to understand the cellular responses to treatment over time.
Through assessment of MTX at diverse time points, we planned to recognize the ideal “window for action” and gain insight of
the temporality of its anti-inflammatory potential. Furthermore, we observed significant variation in IC50 values for MTX
across different time points. This could be due to the kinetics of the MTX uptake by THP-1 cells, time-contingent response of
cells, or likely metabolism in culture medium over time. Finally, we also witnessed that MTX and resveratrol combination did
not significantly alter monocyte proliferation at higher concentration but they did at lower concentration. The plausible
explanation of this could be dose-dependent effects of resveratrol. Higher doses of resveratrol with its antioxidant properties
might have counteracted the anti-proliferative effects of MTX.

Conclusion

The results of our study indicate that the combination of MTX and resveratrol effectively attenuates pro-inflammatory activity
in THP-1 cells, as evidenced by decreased mRNA and protein expressions of chemokines like CCL2, CCL3 and CCL5, as
well as inhibited phagocytic and migratory activity of THP-1-differentiated macrophages. These findings suggest that the
combined effects of MTX and resveratrol hold promise for enhancing cancer therapeutics through modulation of immune cell
contribution to cancer cell trafficking and metastasis. However, we recognize the need for further molecular investigations to
elucidate the mechanistic pathways underlying the synergistic inflammatory properties of MTX and resveratrol reported in our
study. Such investigations will provide valuable insights into the potential mechanisms of action and optimize the therapeutic
use of this combination in the treatment of inflammatory and neoplastic diseases.
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