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ABSTRACT. 5-Fluorouracil (5-FU) is a chemotherapeutic agent
commonly used to treat multiple cancer types, such as breast, co-
lon, rectal, pancreatic, and gastric cancer. The antitumor activity
of 5-FU comes from its antimetabolic ability to inhibit DNA syn-
thesis. However, its effectiveness as an anticancer therapy is often
limited by its poor toxicity profile and the rapid development of
drug resistance in tumor cells, ultimately reducing its overall effi-
cacy as a monotherapy. Therefore, combining 5-FU with other
antineoplastic agents to reduce its administrated dose may not only
potentially lower the incidence of toxicity but also enhance the an-
titumor effect. In this study, we treated gastric cancer MKN-45
cells with 5-FU monotherapy, Paclitaxel (PTX) monotherapy, and
a combination therapy of 5-FU plus PTX at different doses.
Greater rates of cytotoxicity in MKN-45 cells treated with combi-
nation therapy compared with either monotherapy group were
found, suggesting that administering 5-FU in combination with
other anticancer therapy potentiates the antitumor effect of mono-
therapy, and might be a mean to decrease the incidence of 5-FU-
dependent toxicities by reducing its administered dose.

INTRODUCTION.

5-Fluorouracil (5-FU) is a chemotherapy drug commonly used for
treatments of head, neck, breast, prostate, pancreatic, liver, genitouri-
nary and gastrointestinal tract carcinomas [1]. An antimetabolite, 5-
FU interferes with cancer growth by acting as a substitute for the nor-
mal building blocks of RNA and DNA [2]. By acting as a substitute
for uracil, 5-FU can disrupt nucleotide synthesis. Additionally, 5-fluo-
roruacil inhibits thymidylate synthase (TS), a critical enzyme in the
production of nucleotides required for DNA replication [3]. Specifi-
cally, TS is responsible for the conversion from 2’-deoxyuridine-5'-
monophosphate (dUMP) to 2'-deoxythymidine-5'-monophosphate
(dTMP), also known as thymidylate, a nucleotide required for DNA
synthesis [3]. The inhibition occurs through 5-fluoro-dUMP
(FAUMP), the active metabolite of 5-FU, which binds to TS and CH2-
THF [3]. This process forms a stable complex that interrupts the func-
tions of TS, causing scarcity of dTMP and ultimately blocking DNA
synthesis. [3]. By disrupting DNA synthesis, 5-FU effectively pre-
vents cell proliferation in rapidly dividing cancer cells, causing cell
death.

Although 5-FU is the most commonly administered first-line treat-
ment for many cancer types, treatment with 5-FU often results in mye-
losuppression (decreased bone marrow production), dermatitis (skin
irritation), cardiac toxicity, and causes toxicity in the gastrointestinal
tract in 40-80% of patients [4]. This poor tolerability profile limits the
drug’s applicability for many patients. Additionally, the efficacy of 5-
FU is hindered by the various mechanisms with which tumor cells can
develop resistance to the drug [5]. Furthermore, mono-therapeutic, or
single-drug, clinical utilization of systemic fluorouracil therapy has

shown low efficacy due to various mechanisms of drug resistance,
with only a 10% to 15% overall response rate in patients with ad-
vanced colorectal cancer [5]. However, research has shown that when
administered in combination with other antineoplastic agents—drugs
that inhibit or prevent tumor growth—the efficacy of fluorouracil-
based treatments can be augmented, with response rates rising to be-
tween 40% and 50% [5].

One such antineoplastic agent, paclitaxel (PTX), is often administered
in patients with gastric cancer as second-line chemotherapy following
first-line treatment with 5-FU because of its proven efficacy against
cancer and favorable tolerability among patients who have discontin-
ued other therapies due to toxicity [6]. PTX acts via a molecular path-
way distinct from that of 5-FU, namely, as an antimitotic and antimi-
crotubular agent [7]. PTX binds to B-tubulin subunits within microtu-
bules, which are structural components of the cell that help maintain
its shape and play a crucial role in cell division. This process promotes
the assembly and stabilization of microtubules [7]. The increased sta-
bility of microtubules hinders their ability to undergo the normal pro-
cess of depolymerization (the disassembly of microtubules), thus dis-
rupting the formation and functionality of the mitotic spindle and con-
sequently inhibiting the segregation of chromosomes during mitosis
[7]. Improper spindle formation triggers and activates the spindle as-
sembly checkpoint (SAC), a cellular mechanism that detects anoma-
lies in chromosomal alignment and attachment to the spindle, halting
the cell cycle at the G2/M phase and ultimately leading to programmed
cell death (apoptosis) [7].

Because treatment with 5-FU carries with it a high risk of toxicity,
lowering the administered dose of 5-FU by combining it with other
therapeutic agents is desirable. [8] It may be possible that, by admin-
istering each agent at a reduced concentration, the risk of toxicity re-
sulting from each individual therapy can be reduced. Additionally, by
selecting a combination agent which acts via a distinct molecular path-
way from 5-FU, it is possible that undesirable drug toxicity and re-
sistance outcomes of monotherapy agent can be further mitigated. [8]
Therefore, it is worthwhile to investigate whether administering 5-FU
plus PTX as combination therapy result in increased rates of cell death
in cancer cells, even when the dose concentrations of each individual
agent are reduced compared to their respective mono-therapeutic
doses.

The relative efficacy of 5-FU plus PTX, 5-FU monotherapy, and PTX
monotherapy can be evaluated by comparing rates of cell death, as
measured by MTT cell viability assay. By treating MKN-45 cells, a
gastric cancer cell line, with progressively greater concentrations of 5-
FU and PTX both individually and in combination, we observed re-
duced cell viability in 5-FU plus PTX groups compared with both 5-
FU and PTX monotherapy groups, suggesting that a combination ther-
apy comprising both agents has the potential for greater efficacy in
gastric cancer patients.



MATERIALS AND METHODS.

Cell Culture. Human gastric cancer MKN-45 cell line was obtained
from Bioresource Collection and Research Center (BCRC, Taiwan).
The cells were cultured in RPMI 1640 medium (Invitrogen, 1187093),
supplemented with 10% fetal bovine serum (FBS [Sigma-Aldrich,
F7524]), 2 mM L-glutamine, 1% sodium pyruvate, and 2% antibiotic
at 37°C in a humidified atmosphere of 5% CO2, resuspended by tryp-
sin with 0.25% Ethylenediaminetetraacetic acid (EDTA) and col-
lected.

Cell Viability Assay. MKN-45 cells were seeded into sterile 24-well
plates with 2*10* cells/well. After treatment, 3- (4,5-Dimethyl-2-thia-
zolyl)-2,5-diphenyl-2H- tetrazolium bromide (MTT [Siga-Aldrich,
852065]) solution was added to each well at a final concentration of
0.5 mg/ml per well and the plates were incubated at 37°C for 2.5 hours.
Following incubation, the supernatant medium in the 24 wells was re-
moved, and dimethyl sulfoxide (DMSO) was added to each well to
dissolve the formazan. The absorbance was read at 595 nm using a
spectrophotometric microplate reader (TECAN, Switzerland).

Statistical Analysis. Each experiment was performed at least three
times independently under identical conditions, and data are expressed
as the mean + standard error of the mean (SEM). Statistical analyses
were conducted using GraphPad Prism 9.0 (GraphPad Software Inc.,
La Jolla, CA, USA); one-way Analysis of Variance (ANOVA) was
carried out for multiple comparisons. Fisher’s Least Significant Dif-
ference (LSD) test was used to assess substantial correlations in cyto-
toxicity effects. Additionally, one-way ANOVA was used to deter-
mine the correlation between 5-FU and PTX’s cytotoxic effects on
MKN-45 cell lines. Statistical probability (p) is expressed as *p<0.05,
**p<0.01, and ***p<0.001 (p-value of less than 0.05 was considered
statistically significant).

RESULTS.

We cultured MKN-45 cells and separated them into three groups (5-
FU monotherapy, PTX monotherapy, and their combination). Drug
treatment concentrations for each group were dosage-dependently de-
signed. After treatments, cells of each group were separated into indi-
vidual 24-well plates; each plate contained 2 wells of cells that did not
receive treatment (control groups). 5-FU monotherapy was adminis-
tered at concentrations of 2, 5, 10, and 20 uM; PTX monotherapy was
administered at concentrations of 1, 2, and 5 ng/ml. Combination treat-
ment was administered at 6 different doses: 5-FU was administered at
concentrations of 1,2, and 5 uM ; each of these dosing groups was sep-
arated into two dosing groups for PTX (1ng/mL and 2 ng/mL). All
three treatment groups were subjected to treatment over a 72-hour pe-
riod, with the MTT cell viability assay being collected for the 48-hour
and 72-hour marks. Due to a laboratory error, 72-hour data was not
collected for the combination treatment group.

Data from all three treatment groups displayed statistically significant
reductions in cell viability (Fig. 1, 2, 3). We observed statistically sig-
nificant reductions in cell viability at both the 48- and 72-hr marks for
all dosing groups when 5-FU was administered alone (Fig. 1); when
PTX was administered alone, statistically significant reductions were
only observed at both the 48- and 72- hour mark for the 2 ng/mL and
5 ng/mL dosing groups. For the 1 ng/mL dosing group, statistically
significant reduction was only observed at the 72-hour mark.

Of the three treatments administered, the combination of 5-FU plus
PTX showed the lowest rates of cell viability, suggesting greater effi-
cacy in treating gastric cancer cells compared with either individual
agent as monotherapy. However, the addition of PTX did not always
correlate with greater observed cytotoxicity; in fact, cells treated with
10 uM 5-FU + 2 ng/mL PTX actually displayed greater rates of viabil-
ity than those treated with 10 uM 5-FU and 1 ng/mL PTX, suggesting
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Figure 1. Effect of 5-FU on gastric cancer cell MKN-45. 5-FU reduced
MKN-45 growth ability in time- and dose-dependent manners. MKN-45
cells were treated with 2, 5, 10, 20 uM 5-FU for 48 hours (A), and for 72
hours (B), respectively. Cell viabilities were examined by MTT viability
test. Results were presented as percentages of cell growth of each group
relative to control group. *P<0.05, **P<0.01, and ***P<0.001 indicate sig-
nificant statistical difference compared to the control group.
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Figure 2. Effect of PTX on gastric cancer cell MKN-45. PTX reduced
MKN-45 growth ability in time- and dose-dependent manners. MKN-45
cells were treated with 1, 2, 5 ng/ml PTX for 48 hours (A), and for 72 hours
(B), respectively. Cell viabilities were examined by MTT viability test. Re-
sults were presented as percentages of cell growth of each group relative to
control group. *P<0.05, **P<0.01, and ***P<0.001 indicate significant sta-
tistical difference compared to the control group.
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Figure 3. Effects of 5-FU in combination with PTX on gastric cancer cell
MKN-45. MKN-45 cells were treated with 0, 2, 5, 10 pM 5-FU for 48 hours
(A), with 0, 1, 2 ng/ml PTX for 48 hours (B), respectively. Cell viabilities
were examined by MTT viability test. Results were presented as percent-
ages of cell growth of each group relative to control group. *P<0.05,
**p<(.01, and ***P<0.001 indicate significant statistical difference com-
pared to the control group.

that the reductions in cell viability observed in the combination ther-
apy treatment groups may have resulted more from the presence of 5-
FU than that of PTX.

DISCUSSION.

Despite its ubiquity as a first-line therapeutic agent for a broad range
of cancer types, 5-FU treatment poses several logistical challenges.
High rates of multiple toxicities resulting from the treatment pose an
obstacle to continued treatment in many cancer patients. Furthermore,
rapid development of drug resistance in tumor cells can make long-
term treatment with 5-FU ineffective, even with patients who tolerate



treatment. Assessing the relative efficacy of combination therapies in-
cluding 5-FU and other therapeutic agents, compared with monother-
apy alone, can therefore suggest alternative treatment pathways with
the potential to reduce incidence of toxicity and improve response
times prior to relapse.

In this study, we used gastric cancer MKN-45 cells to evaluate the
relative efficacy of 5-FU plus PTX combination therapy compared to
each individual agent as monotherapy. Using MTT cell viability assay,
we observed that the combination therapy resulted in greater rates of
cell death than either of the individual therapies administered alone
(Fig. 3, 4). While cell viability rates were not greatly reduced when
comparing the combination treatment to 5-FU monotherapy, the data
suggests that combination therapy can provide a pathway to reducing
administered doses of 5-FU, thereby potentially reducing incidence of
toxicity and improving treatment effect for patients.
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Figure 4. Effects of 5-FU in combination with PTX on gastric cancer cell
MKN-45. MKN-45 cells were treated with combinations treatments of 0, 2,
5, 10 uM 5-FU and 0, 1, 2 ng/ml PTX for 48 hours. Cell viabilities were
examined by MTT viability test. Results were presented as percentages of
cell growth of each group relative to control group. *P<0.05, **P<0.01, and
***P<0.001 indicate significant statistical difference compared to the con-
trol group.

It is possible that in the combination treatment group, observed reduc-
tion in cell viability is largely due to the presence of 5-FU, rather than
PTX. Indeed, when comparing the cell viability rates between cells
treated with 10um of 5-FU + 1 ng/mL of PTX and those treated with
10um of 5-FU + 2ng/mL of PTX, cell viability improved in the latter
group, suggesting that the presence of PTX may have been negligible
in contributing to cytotoxicity in the combination group (Fig. 3, 4).
That said, the reduction in cell viability observed in combination ther-
apy groups compared with that of monotherapy suggests that other
combination agents may be promising alternatives. Further analyses
conducted using a variety of combination agents with 5-FU will surely
offer more insight. Moreover, re-challenging cells with either combi-
nation therapy or monotherapy and comparing their subsequent rates
of cell viability can offer further clues as to what treatment pathways
exist that may reduce incidence of formation of drug resistance in tu-
mor cells.
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