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Methicillin-resistant Staphylococcus aureus (MRSA) represents a significant global public health threat. 
Combination therapy, particularly the use of antibiotics in conjunction with non-antibiotic agents, has 
emerged as a promising strategy to address the growing crisis of antibiotic resistance. Fosfomycin 
(FOS), increasingly utilized in clinical practice for treating drug-resistant bacterial infections, exhibits 
limited efficacy as a monotherapy. Here, we find that 5-fluorouracil (5-FU), a Food and Drug 
Administration (FDA)-approved anticancer drug, effectively enhances the antibacterial activity of FOS 
against MRSA, including biofilm-embedded MRSA cells. Mechanistically, 5-FU targets cytidine triphos-
phate (CTP) synthase, a rate-limiting enzyme responsible for the adenosine triphosphate (ATP)-
dependent conversion of uridine triphosphate (UTP) to CTP. Moreover, we demonstrate that the synergis-
tic effect of 5-FU and FOS arises from the perturbation of pyrimidine metabolism, which induces mem-
brane damage, dissipation of the proton motive force (PMF), enhanced ATP synthesis, and accumulation
of reactive oxygen species, culminating in bacterial death. In both Galleria mellonella (G. mellonella) and
murine infection models, the combination of 5-FU and FOS markedly improves survival and reduces bac-
terial burdens. Collectively, our work demonstrates the therapeutic potential of 5-FU combined with FOS
for tackling MRSA infections and highlights the pivotal role of perturbing pyrimidine metabolism in
restoring antibiotic susceptibility.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering 
and Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

Staphylococcus aureus (S. aureus), a Gram-positive pathogen, is a 
major cause of hospital and community-acquired infections, lead-
ing to serious consequences. Alarmingly, this bacterium has devel-
oped resistance to multiple antibiotic classes [1,2]. A notable 
example is methicillin-resistant S. aureus (MRSA), which was first 
identified clinically in the early 1960s. The rapid global spread of 
MRSA strains poses a formidable threat to public health and safety.
Currently, MRSA is a leading cause of life-threatening and some-
times fatal infections [3,4]. Traditional treatments for MRSA are 
highly dependent on antimicrobial agents, but the widespread
use of antibiotics has driven MRSA to evolve multidrug resistance
[5]. Clinical MRSA infections spread rapidly, exhibit complex resis-
tance mechanisms, and are associated with high mortality rates. In 
the European Union, nearly 150 000 MRSA infections are reported
annually, leading to more than 7 000 deaths [6]. In China, the 
MRSA infection rate has remained above 30% for the past five years,
according to the China Antimicrobial Surveillance Network (CHI-
NET) surveillance system [7]. 

Despite considerable efforts in developing new antimicrobial 
drugs, the approval of new antibiotics has been limited in recent 
decades, creating an urgent need for new anti-infective strategies. 
Drug combinations, particular ly those involving antibiotics and
adjuvants, offer a promising and cost-effective approach to circum-
vent the stagnation in drug discovery and resensitize antibiotic-
resistant bacteria [8–10]. For example, a recent study systemati-
cally analyzed drug combinations against three Gram-positive
bacterial species, revealing the synergistic activity between
rgeting
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anti-aggregant ticagrelor and cationic antibiotics against S. aureus
[11]. The combination of antibiotics and adjuvants not only 
enhances the efficacy of antibiotics but also extends the lifespan
of existing antibiotics, delaying the emergence of resistant strains
[12]. Moreover, these synergistic therapies can reduce antibiotic 
toxicity, treatment duration, and dosage requirements [13].  In
the current era of resistance, older antibiotics such as polymyxins 
and fosfomycin (FOS) have regained attention. Discovered over 
40 years ago, FOS is a potent bactericidal agent effective against 
both Gram-negative and Gram-positive bacteria, including 
multidrug-resistant (MDR) strains. Owing to its unique chemical
structure and mechanism of action, FOS inhibits peptidoglycan
synthesis at a stage prior to b-lactams, minimizing the likelihood
of cross-resistance with other antimicrobial agents [14–16].  As  a
result, FOS has emerged as a promising candidate for treating sys-
temic infections. However, despite its increasing clinical use, FOS is
seldom employed in combination therapies, an approach that war-
rants further investigation to fully exploit its therapeutic potential.

5-Fluorouracil (5-FU), a Food and Drug Administration (FDA)-
approved anticancer agent, primarily functions by inhibiting the
synthesis of thymidine monophosphate (dTMP), a nucleotide
essential for DNA replication [17,18]. Additionally, central venous 
catheters coated with 5-FU offer a safe and effective alternative 
to those coated with chlorhexidine and silver sulfadiazine, partic-
ularly for critically ill patients [19]. Previous research has high-
lighted the potential antibacterial effect of 5-FU against 
pathogens such as Escherichi a coli (E. coli) and Streptococcus suis
(S. suis) [20]. Additionally, it has been shown to inhibit biofilm for-
mation in E. coli while reducing bacterial virulence [21–24].  A
recent study demonstrated that 5-FU reversed the resistance of
carbapenem-resistant Gram-negative pathogens to meropenem
[25]. However, the potential of 5-FU to enhance FOS’s efficacy
against MRSA has yet to be explored.

In this study, we revealed the capability of 5-FU in effectively 
potentiating FOS activity against MRSA both in vitro and in vivo. 
Combining single nucleotide polymorphism (SNP) analysis of resis-
tant mutants and gene knockout experiments, we identified the 
cytidine triphosphate (CTP) synthase as the key target of 5-FU. Fur-
thermore, transcriptomic analysis provided insight into the mech-
anism underlying the synergistic effect of 5-FU and FOS. The
perturbation of pyrimidine metabolism was central to their syn-
ergy, leading to membrane damage, dissipation of proton motive
force (PMF), enhanced adenosine triphosphate (ATP) synthesis,
and increased oxidative damage, which ultimately results in bacte-
rial cell death. Our findings highlight the therapeutic potential of
combining 5-FU with FOS for treating MRSA-associated infections.
2. Materials and methods

2.1. Bacterial strains and chemical reagents

Table S1 (Appendix A) lists all the strains used in this study. A 
deletion mutant of S. aureus RN4220 was generated using clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9)-mediated genome editing tool 
(pCasSA) and verified by polymerase chain reaction (PCR). Unless 
otherwise specified, bacterial strains were cultured at 37 °C in
Mueller–Hinton broth (MHB) or on Mueller–Hinton agar plates
(MHA). Antibiotics used in this study were purchased from Shang-
hai yuanye Bio-Technology Co., Ltd. (China).

2.2. Broth microdilution assay

The minimal inhibit concentration (MIC) of antibiotics and non-
antibiotics was determined according to the Clinical and Labora-
2

tory Standards Institute (CLSI) 2021 guidelines using the standard 
broth microdilution method. Briefly, bacteria grown to the expo-
nential phase were diluted 1:1000 in MHB, and equal volumes of 
bacterial suspension (1.5 × 106 colony forming units (CFU) mL−1 ) 
were mixed with varying concentrations of antibiotics and non-
antibiotics in a sterile 96-well microtiter plate. After incubation
at 37 °C for 16 to 18 h, the MIC was defined as the lowest concen-
tration of the antibiotics and non-antibiotics that showed no visi-
ble bacterial growth [26]. 

2.3. Checkerboard analysis

Synergism between FOS and antibiotics or non-antibiotics was 
assessed using a checkerboard assay with two-fold serial dilutions
of the drugs (8 × 8 matrix) [27]. After incubation with a bacterial 
suspension (1.5 × 106 CFU mL−1 ) for 18 h, the absorbance at 
600 nm was measured using a microplate reader. The fractional 
inhibitory concentration index (FICI) was calculated from two bio-
logical replicates for each combination using the formula:
FICI = (MIC of drug A in combination)/(MIC of drug A
alone) + (MIC of drug B in combination)/(MIC of drug B alone). A
FICI of ≤ 0.5 indicates synergy.

2.4. Time-dependent killing curve

The overnight culture of MRSA T144 was diluted 1:1000 into 
fresh MHB and incubated at 37 °C with continuous shaking 
(200 r min−1 ) for 4 h. Cultures were then treated with FOS, 5-FU, 
or their combination for 24 h. Bacterial counts at 0, 4, 8, and 
24 h were determined using the plate colony counting method.
MRSA T144 was treated with FOS at 1 lg mL−1 and 5-FU at
16 lg mL−1, with MHB containing phosphate buffer saline (PBS)
as a negative control. Each experiment was repeated three times.

2.5. Flow cytometr y analysis

Bacterial viability was analyzed using flow cytometry as previ-
ously described [28]. Briefly, exponential-phase bacteria (106-
CFU mL−1 ) were treated with FOS, 5-FU, or their combination at 
37 °C and 220 r min−1 for 6 h. Bacterial suspensions were then 
stained for 15 min with the LIVE/DEADTM BacLightTM Bacterial Via-
bility Kit (Thermo Fisher Scientific, USA) containing propidium 
iodide (PI) (5 mmol L− 1, 3 lL) and SYTO 9 (0.835 mmol mL−1,
3 lL), according to the manufacturer’s instructions. After two
washes with sterile saline, samples were analyzed using a Flow
cytometer (Beckman, USA) with FITC and PI channels. Data were
analyzed using CytExpert 2.0 software (Beckman).

2.6. Confocal laser scanning microscopy (CLSM)

MRSA T144 was exposed to FOS (1 lg mL−1 ), 5-FU (16 lg mL−1 ), 
or their combination and imaged using CLSM. Bacterial cultures 
were inoculated into sterile 6-well plates containing the respective 
drugs, with sterile cell slides placed in the medium. The cultures 
were incubated for 24 h at 37 °C. After rinsing three times with
PBS, the bacteria were stained with SYTO9 and PI. Following a
15 min incubation in the dark, the stained slides were examined
using a Leica TCS SP2 CLSM microscope (Heidelberg, Germany).

2.7. Scanning electron microscopy (SEM)

SEM was employed to observe morphological changes in bacte-
ria treated with FOS (1 lg mL−1 ), 5-FU (16 lg mL−1), or their com-
bination, as described previously [29]. Briefly, exponential-phase 
bacterial cultures (106 CFU mL−1 ) were incubated with the drugs
for 8 h at 37 °C. The bacterial suspensions were centrifuged
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(5000g, 5 min) and gently washed twice with PBS. The bacterial 
pellets were then fixed with 2.5% glutaraldehyde (Solarbio, China) 
for 24 h at 4 °C. After fixation, the bacteria were dehydrated 
through a series of ethanol gradients (40%, 50%, 60%, 70%, 80%,
90%, and 100%; 10 min each). After gold sputtering, bacterial mor-
phology was examined using a GeminiSEM 300 (ZEISS, Germany).

2.8. Transmission electron microscopy (TEM)

TEM was used to examine the ultrastructural changes in bacte-
ria treated with FOS (1 lg mL−1 ), 5-FU (16 lg mL−1), or their com-
bination following previously described methods [30]. Briefly, 
bacterial suspensions were centrifuged and resuspended in 1 mL 
of fixative solution containing 2.5% glutaraldehyde and 5% 
formaldehyde. Fixed bacteria were washed three times with 
0.1 mol L−1 cacodylate buffer and post-fixed with 1% osmium 
tetroxide for 1 h. After three washes with water, bacteria were fur-
ther dehydrated using ethanol gradients (10 min each: 50%, 60%,
70%, 80%, 90%, and 100%). Samples were infiltrated with EponTM

(Sigma, USA) resin and polymerized at 75 °C for 48 h. Ultrathin sec-
tions were cut with a diamond knife, picked up on copper grids,
and stained with lead citrate. Cell micrographs were obtained
using a JEM 1011 TEM (JEOL, Japan).

2.9. Biofilm inhibition assay

The inhibitory effect of 5-FU and FOS on biofilm formation was
evaluated according to a previously described protocol [31]. Specif-
ically, 24 mm diameter cell slides were placed at the bottom of 
each well in a 6-well plate (Corning, USA). 2 mL of bacterial culture 
treated with FOS, 5-FU, or their combination was added to each 
well. After 24 h of incubation at 37 °C, planktonic bacteria were 
removed, and biofilms were stained with 1% crystal violet (Solar-
bio) for 15 min. The slides were washed three times with distilled
water, and biofilms were solubilized with 33% acetic acid. The
absorbance at 570 nm was measured using a microtiter plate
reader to quantify biofilm formation.

2.10. Treatment of pre-forme d biofilms

Mid-exponential phase cultures were diluted to 106 CFU mL−1 

in MHB medium. In a 6-well plate, 2 mL of the bacterial suspension 
was added to each well, and the plates were incubated for 36 h at
37 °C to form mature biofilms [32]. After removing the planktonic 
bacteria, 2 mL of MHB containing FOS, 5-FU, or their combination 
was added to the remaining biofilm cells, and the plates were incu-
bated for an additional 24 h at 37 °C. Following incubation, the
plates were sonicated at 50 W for 10 min to detach the adhered
bacteria, and the number of viable bacteria was determined by
microbiological counting.

2.11. Resistance development and single nucleotide polymorphism
(SNP) analysis

The ability of 5-FU to induce resistance in MRSA T144 was stud-
ied as described previously [33]. The intermediate and final MICs 
were monitored after 20 consecutive passages in the presence of 
the test drug (0.5-fold MIC), and the fold-change increase in MIC 
was recorded. During the induction process, bacterial cultures 
were stored at −80 °C in 20% glycerol. Genomic DNA from the
MIC mutant strains was extracted, and whole-genome fragment
libraries were prepared using the paired-end Sample Preparation
Kit (Illumina, USA). The genomes were sequenced on an Illumina
HiSeq 2500 platform (Illumina) and assembled using de novo
SPAdes Genome Assembler (version 3.12.0) [33]. The resulting
3

reads were mapped to the MRSA T144 reference genome, and
mutations were identified using Snippy.

2.12. Molecular docking analysis

The receptor protein structure was downloaded from the Pro-
tein Data Bank (PDB) and UniPort (NDK:PDB ID: 3Q83; CTP syn-
thase: UniPort ID: Q2FF01), along with the chemical structure of 
5-FU (PubChem CID: 3385). These were converted into mol2 for-
mat for molecular docking. Ligand molecules and the receptor pro-
tein were pre-processed using PyMOL software. AutoDock Vina, a
docking tool within AutoDock Tools, was used to perform the dock-
ing analysis. The model with the lowest binding energy was
selected for interaction analysis, and two-dimensional (2D) and
three-dimensional (3D) structure models were generated using
Discovery Studio 4.5 [34]. 

2.13. Gene knockout

Gene knockout experiments were conducted in S. aureus 
RN4220 according to a previously described protocol [35]. Primers 
used for PCR are listed in Table S2 in Appendix A, and were synthe-
sized by Youkang Biotech (China). Changes in the MIC for 5-FU and 
FOS in the knockout strain were measured, and the impact of thy-
mine supplementation on bacterial growth and drug combination
efficacy was also assessed.

2.14. Transcriptome sequencing

The transcriptome of MRSA T144 after treatment with FOS 
(1 lg mL−1 ), 5-FU (16 lg mL−1 ), or their combination were ana-
lyzed in log-phase bacteria. Briefly, MRSA cultures were treated 
with different treatments for 8 h. Afterwards, the bacterial suspen-
sion was centrifuged (5000g, 5 min), and the total RNA was 
extracted and quantified using a Nanodrop spectrophotometer
(Thermo Scientific, USA). Sequencing was performed using the Illu-
mina Hiseq 2000 system (Majorbio, China). Differential gene
expression was analyzed using the edgeR software. Genes with a
false discovery rate (FDR) < 0.05 and |log2fold change| ≥ 1 were
considered significantly differentially expressed [36]. 

2.15. Untargeted metabolomics analyses

Metabolites extracted from MRSA T144 with or without 5-FU 
treatment were analyzed using a UPLC-Q-Exactive Orbitrap mass 
spectrometer (Thermo Fisher Scientific). Samples were subjected 
to liquid chromatography (LC) for component separation, followed 
by ionization in the high-vacuum mass spectrometer. The sepa-
rated ions were analyzed based on their mass to charge ratio (m/ 
z), generating mass spectra (50–750 m /z). The mass spectrometric
data were analyzed to obtain both qualitative and quantitative
results. Each sample was analyzed in both positive and negative
ionization modes. Metabolites were characterized by comparing
retention times, mass ratios, and fragmentation patterns. Internal
standards were used to ensure consistency between chromatogra-
phy and injection.

2.16. Reverse Transcription Quantitative polymerase chain reaction
(RT-qPCR) anlaysis

Total RNA was extracted from MRSA T144 using the RNeasy 
Mini Kit (Vazyme, China) according to the manufacturer’s instruc-
tions. A total of 500 ng of purified RNA was reverse transcribed into 
complementary DNA (cDNA) using the RT Master Kit (Takara,
Japan). The PCR reaction mixture was prepared using TB Green Pre-
mix Ex TaqTM (Vazyme). Amplification conditions were as follows:
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initial denaturation at 95 °C for 30 s, followed by 40 cycles of 95 °C 
for 5 s, 60 °C for 30 s, and 72 °C for 45 s. The 16S ribosomal RNA
(rRNA) expression level was used as an internal control, and
changes in other gene expressions were analyzed using the com-
parative cycle threshold (CT) method [37]. Primers used are listed
in Table S2, and were synthesized by Youkang Biotech.

2.17. Cytoplasmic membrane potential

Membrane potential changes after treatment with FOS 
(1 lg mL−1 ), 5-FU (16 lg mL−1 ), or their combination were assessed
using 3,3′-dipropylthiadicarbocyanine iodide (DiSC3(5), 0.5 lmol L−1)
[38]. Bacterial samples were incubated with DiSC3(5) for 30 min, fol-
lowed by treatment with FOS, 5-FU or their combination for 1 h. 
Membrane potential dissipation was measured using an excitation
wavelength of 622 nm and an emission wavelength of 670 nm.

2.18. Cell membrane permeability

Cell membrane permeability was evaluated using PI [39]. 
Briefly, bacterial suspensions were incubated with PI (final concen-
tration, 5 lmol L−1 ) for 30 min, followed by treatment with FOS, 5-
FU, or their combination for 1 h. Membrane permeability was mea-
sured using an Infinite E Plex microplate reader (Tecan, Switzer-
land) at excitation/emission wavelengths of 535 nm/615 nm.

2.19. Evaluation of protein leakage

The Enhanced BCA Protein Assay Kit (Beyotime, China) [40] was 
used to detect protein leakage. Briefly, MRSA T144 was washed 
twice with PBS (pH = 7.4) using a refrigerated centrifuge 
(6000 r min−1 ) for 5 min and diluted in PBS to the desired working 
concentration at an OD600 of 0.5. After treatment with FOS, 5-FU, or 
their combination for 4 h, the bacterial suspension was centrifuged
(6000 r min−1) for 5 min. The supernatant was immediately col-
lected and the relative protein leakage of each sample was deter-
mined using a microplate reader at OD562.

2.20. DpH measuremen t

Exponentially growing bacterial suspensions were centrifuged, 
washed with PBS, and incubated with the pH-sensitive fluorescent 
probe 2′,7′ -bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein,
acetoxymethyl ester (BCECF-AM) (1 lmol L−1) [41] at 37 °C  in
the dark for 30 min. The samples were then treated with FOS (1 
lg mL−1 ), 5-FU (8 lg mL−1 ), or their combination at 37 °C for 1 h.
Fluorescence at 488 nm excitation and 535 nm emission wave-
lengths was measured to calculate pH changes.

2.21. L-Lactate measuremen t

L-Lactate concentration in bacteria treated with FOS, 5-FU, or 
their combination was measured using the L-Lactate Assay Kit with 
WST-8 (Beyotime). Briefly, MRSA T144 were cultured at OD600 at 
an 0.5, and after treatment with FOS, 5-FU, or their combination
for 4 h, the bacterial suspension was centrifuged (6000 r min−1)
for 5 min. The supernatants were then collected for measurement
following the instructions.

2.22. Reactive oxygen species (ROS) measurement

ROS levels in MRSA T144 treated with FOS, 5-FU, or their com-
bination were measured using 2 ′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA, 10 lmol L−1) [42]. The bacterial samples were 
incubated with DCFH-DA at 37 °C for 30 min, washed twice with
PBS to reduce extracellular fluorescence, and treated with FOS, 5-
4

FU, or their combination for 1 h. Fluorescence intensity (kexcita-
tion/kemission, 488/525 nm) was measured using a microplate
reader (Tecan, Switzerland).

2.23. Intracellular ATP measurement

Intracellular ATP levels in MRSA T144 were measured using an
enhanced ATP detection kit (Beyotime) [43]. Exponentially grow-
ing bacteria were incubated with FOS (1 lg mL−1 ), 5-FU 
(16 lg mL−1 ), or their combination for 1 h. Bacterial pellets were 
collected by centrifugation, and lysed to release ATP. The intracel-
lular ATP levels were quantified using luminescence signals on a
microplate reader.

2.24. Measurement of 8-hydroxy-2′-deoxyguanosine (8-OHdG) and 
dihydroorotate dehydrogenase (DHODH) levels

The levels of 8-OHdG and DHODH in MRSA T144 treated with 5-
FU, FOS, or their combination were measured using an 8-OHdG
ELISA kit (Sangon Biotech, China) and a DHODH kit (Mlbio, China),
respectively [44]. Bacterial cultures in the exponential phase were 
treated with 5-FU and FOS, and the supernatants were collected for
measurement following the kit instructions.

2.25. Nicotinamide adenine dinucleotide (NAD+ )/nicotinamide adenine
dinucleotide (NADH) determination

The MRSA T144 strain was cultured to the exponential phase, 
treated with 5-FU and FOS, and the bacterial cultures were col-
lected, centrifuged, and resuspended. The NAD+/NADH ratio was
determined using an NAD+/NADH Assay Kit (Beyotime), following
the manufacturer’s instructions.

2.26. Ethics approval

This study was conducted in accordance with the ethical guide-
lines set by the Jiangsu Laboratory Animal Welfare and Ethics Com-
mittee of the Jiangsu Administrative Committee of Laboratory
Animals (SYXK-2022-0044). All animal experiments were
approved by the Animal Care Committee of Yangzhou University.

2.27. Galleria mellonella (G. mellonella) infection model

G. mellonella (Huide BioTech, China) larvae were randomly 
divided into four groups (n = 8 per group) and infected with 10 lL 
of MRSA T144 suspensi on (1.0 × 106 CFU) injected into the right pro-
leg [26,41]. One hour after infection, larvae were treated in the left 
proleg with PBS, FOS alone (10 mg kg−1 ), 5-FU alone (40 mg kg−1 ), 
or thei r combination. Survival was monitored over 120 h.

2.28. Mouse peritonitis infection model

Female ICR mice (n = 6 per group) were intraperitoneally 
infected with a lethal dose of 1.0 × 108 CFU MRSA T144 suspension. 
One hour after infection, mice were administered FOS (10mg kg−1 ), 
5-FU (40 mg kg−1 ), or their combination by intraperitoneal injec-
tion. Mouse survival was tracked for 7 d, and bacterial loads in
homogenates of the heart, liver, spleen, lungs, and kidneys were
determined by colony counting following serial dilution and incu-
bation at 37 °C for 18 h.

2.29. Statistical a nalyses

Statistical analyses were performed using GraphPad Prism 9.5.0 
(Software Inc., USA). Data are presented as the mean ± standard
deviation (SD). Statistical significance was determined using an
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unpaired two-tailed Student’s t-test for comparisons between two 
groups, or by one-way ANOVA with Dunnett’s or Tukey’s post-hoc 
test for comparisons among more than two groups. Differences 
between groups were considered significant at P < 0.05
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

3. Results 

3.1. Synergistic activity of 5-FU and FOS against MRSA strains

To identify the compounds that can potentiate the activity of FOS 
against MDR Gram-positive bacteria, we tested the synergistic activity 
of FOS and 30 antibiotics or non-antibiotics against Enterococcus fae-
cium (E. faecium) A4 (VRE, VanA), S. aureus G16 ( RIFR), and MRSA
1530, respectively. These clinical strains displayed an MDR phenotype
(Table S 2). As shown in Fig. S1 in Appendix A, checkerboard assays 
revealed that FOS exhibited synergistic activity with several com-
pounds, including linezolid,  moxifloxacin,  and  5-FU,  against  MRSA.
Notably, 5-FU displayed a potent synergistic effect with FOS against 
both S. aureus G16 an d MRSA 1530, with the FICI values of 0.3125
and 0.375, respectively (Fig. 1(a)). No synergistic effect was observed 
in E. faecium A4, suggesting species-specific action. Moreover, the 
potentiation of 5-FU to FOS was also found in another clinically rele-
vant MRSA strain, T144 (FICI, 0.375) (Fig. 1(b)). We next performed 
time-killing curves to evaluate the bactericidal dynamics of 5-FU and 
FOS, either alone or in combination, against MRSA T144. The results 
showed minimal impact on MRSA T144 growth with either monother-
apy. However, after 8 h of combined treatment, bacterial loads we re
significantly reduced, with a 3–6 log10 decrease compared to
monotherapy or untreated control (Fig. 1(c)). Additionally, bacterial 
viability was assessed via flow cytometry using PI and SYTO 9 co-
staining. Consistently, the combination treatment reduced bacterial 
viability to approximately 65%, while control and FOS alone sustained
approximately 98% survival, and 5-FU alonemodestly reduced viability
to approximately 80% (Figs. 1(d) and (e)). These results indicated that 
5-FU has limited antibacterial activity, whereas its combination with 
FOS induces pronounced bacterial lethality. Meanwhile, we monitored 
the live/dead state of MRSA cells under different treatments using con-
focal laser scanning microscope (CLSM). Compared to FOS monotreat-
ment, the combination t reatment resulted in decreased green
fluorescence and increased red fluorescence, indicating increased cell
death (Fig. 1(f)). SEM of the control and monotreatment group showe d
regular and intact cell surfaces (Fig. 1(g)). In contrast, cells treated with 
the combination of FOS and 5-FU displayed severe cellular damage, 
including irregular and collapsed surfaces. These results were further 
confirmed through TEM, which demonstrated that control and 
monotreatment cells maintained a smooth, circular morphology and
intact cell walls, while cells treated with the combination exhibited
compromised bacterial cell wall and membrane integrity (Fig. 1(g)).

Biofilm formation is a critical virulence factor in MRSA infections, 
providing protection against antimicrobial treatments. To assess the 
anti-biofilm ability of the FOS (1 lg mL−1 ), 5-FU (16 lg mL−1 )  and
their co mbination, we performed CLSM and crystal violet staining.
As shown in Fig. S2(a) in Appendix A, the combination of FOS and 
5-FU significantly reduced biofilm formation. Additionally, we eval-
uated the efficacy of this combination against mature biofilms. The 
results indicated a substantial reduction in biofilm cell loads follow-
ing combination treatment (Fig. S2(b) in Appendix A). These results 
demonstrate the excellent synergistic activity of 5-FU and FOS 
against MRSA, includin g biofilm-embedded cells.

3.2. 5-FU targets bacterial CTP synthase

To investigate the mechanisms underlying the action of 5-FU, 
we performed RNA sequencing on MRSA cells with or without 5-
FU treatment. Kyoto Encyclopedia of Genes and Genomes (KEGG)
5

enrichment analysis revealed that the upregulated differentially 
expressed genes (DEGs) were primarily associated with pathways 
related to the ribosome, homologous recombination, mismatch 
repair, DNA replication, RNA polymerase, and pyrimidine metabo-
lism. In contrast, the downregulated DEGs were linked to S. aureus
infection, cationic antimicrobial peptide (CAMP) resistance, two-
component systems, fatty acid degradation, teichoic acid biosyn-
thesis, and sulfur metabolism (Figs. 2(a) and (b)). These results 
suggested that 5-FU has potential therapeutic applications in 
managing S. aureus-associated infections, with its action likely
involving the inhibition of DNA synthesis, particularly through
pathways related to pyrimidine metabolism.

To further explore the potential targets of 5-FU, MRSA T144 was 
continuously exposed to sub-MICs of 5-FU for 15 d. Consequently, 
the MIC values of 5-FU increased fro m 64 to 512 lg mL−1 (an
eight-fold increase) (Fig. 2(c)). However, long-term co-treatment 
with 5-FU and FOS effectively prevented the development of resis-
tance to either agent, as shown in Fig. S 3 in Appendix A.  Whole-
genome SNP analysis revealed mutations in several genes, including 
sdrC (encoding an adhesin), erm(C) (encoding a 23S rRNA methyl-
transferase), fnbA/B (encoding fibronectin-binding proteins), bin (en-
coding a resolvase/integrase), and various metabolic genes such as 
those involved in deoxyribose-phosphate aldolase and riboflavin 
biosynthesis enzymes. Based on these findings, we examined the 
CTP syntha se (encoded by the pyrG gene), which is involved in both
nucleic acid and phospholipid biosynthesis (Fig. 2(d) an d Table S 3 in 
Appendix A). To verify this, we knocked out the pyrG gene in S. aur-
eus and determined the corresponding changes in MIC (Figs. 2(e) 
and (f)). The DpyrG displayed a two-fold increase in MIC value to 
5-FU compared to the wild-type (WT) strain (Fig. 2(g)). Additionally, 
we monitored the bacterial growth ofWT andDpyrG in the presence 
of 5-FU. Consistently, DpyrG displayed a higher le vel of resistance to
5-FU (Fig. 2(h)), implying that CTP synthase may be a potential 
antibacterial target of 5-FU. Furthermore, we assessed the interac-
tion between 5-FU and CTP synthase via molecular docking. The 
results indicated that 5-FU could bind to the key amino acid residues 
(e.g., GLU510, HIS508, VAL59, and ARG461) of C TP synthase via Van
der waals, hydrogen bond and Pi–Pi T-shaped interactions (Fig. 2(i)). 

Considering the important role of CTP synthase in pyrimidine 
metabolism, we reasoned that 5-FU may inhibit DNA synthesis and
induce bacterial death (Fig. S4(a) i n Appendix A). To verify this 
hypothesis, we performed targeted metabolomic analysis of pyrim-
idine metabolism-related metabolites in MRSA cells with or without 
5-FU treatment. Notably, significant enrichment of the pyrimidine
metabolism pathway was observed in MRSA T144 cells treated with
5-FU (Figs. S 4(b) and (c) in Appendix A). Specifically, a dramatic 
decrease in thymine levels was found in 5-FU-treated cells (Fig. S4 
(d) i n Appendix A), whereas the addition of exogenous thymine 
reduced the inhibitory effect of 5-FU against MRSA (Fig. S4(e) i n
Appendix A). To further confirm the role of CTP synthase inhibition 
in the antibacterial and synergistic action of 5-FU, we performed res-
cue assays by adding the medium with cytidine, the direct product o f
CTP synthase. Consequently, cytidine supplementation led to a two-
fold increase in the MIC of 5-FU, while the FOS MIC remained
unchanged (Fig. S5(a) i n Appendix A). Moreover, checkerboard assays 
indicated that the FICI increased from 0.375 to 0.5 (Fig. S5(b) i n
Appendix A), indicating a weakened synergistic effect. These results 
suggest that inhibiting CTP synthase is a critical, though not exclusive, 
determinant of 5-FU activit y and its synergism with FOS.

3.3. 5-FU and FOS combination results in pyrimidine metabolism
perturbation

To gain a deeper understanding of their synergistic mecha-
nisms, we performed transcriptomic analysis of MRSA cells treated
with PBS, FOS or a combination with 5-FU (Fig. 3(a)). A total of
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Fig. 1. 5-FU potentiates the antibacterial activity of FOS against MRSA. (a) Checkerboard assay of 5-FU and FOS in inhibiting the growth of S. aureus G16 and MRSA 1530. After 
18 h of incubation at 37 °C, OD600 was measured, and the FICI values were calculated. Synergy: FICI ≤ 0.5; no interaction: 0.5 < FICI ≤ 4; antagonism: FICI > 4. Experiments 
were performed in two independent replicates. (b) Synergistic activity of FOS and 5-FU against MRSA T144, with a FICI of 0.375. (c) Time-kill curves of 5-FU and FOS against 
MRSA T144. (d) Flow cytometry analysis of live/dead bacterial ratios after 6 h treatment with 5-FU and FOS alone or in combination. Live and dead bacteria were stained green
and red, respectively. LL: lower left; UL: upper left; LR: lower right; UR: upper right. (e) Bacterial survival rates quantified by flow cytometry. (f) CLSM analysis of MRSA T144
treated with 5-FU and FOS alone or in combination. (g) Microscopic images of MRSA T144 after 24 h of single treatment or in combination observed through SEM/TEM. Data
are shown as mean ± SD. P value was determined by (c) unpaired t-test or (e) one-way analysis of variance (ANOVA). **P < 0.01, ****P < 0.0001.
1425 DEGs were identified by comparing the combination treat-
ment with the PBS group, with 730 up-regulated and 695 down-
regulated (Fig. 3(b)). Cluster and KEGG analyses showed that the 
up-regulated DEGs were predominantly associated with ribosome, 
mismatch repair and pyrimidine metabolism pathway, while
down-regulated DEGs were involved in two-component systems
and ATP-binding cassette (ABC) transporters (Fig. 3(c)). The expres-
sion patterns of representative genes related to these pathways
were depicted in Fig. 3(d). Additionally, up-regulation of the 
pyrimidine metabolism were also observed in the comparison of
the combination and FOS treatment alone (Fig. S6 in Appendix 
A). Consistently, RT-qPCR analysis confirmed the increased expres-
sion of pyrimidine metabolism pathway-related genes under com-
6

bination treatment (Fig. S7 in Appendix A), particularly for pyrG 
and ndk genes (Fig. 3(e)). These results implied that the pyrimidine 
metabolism was the major affected pathway in MRSA T144 follow-
ing combination therapy.

To further ascertain the impact of this combination on pyrim-
idine biosynthesis, which is crucial for bacterial growth and nucleic 
acid synthesis, we monitored the changes of DHODH, a key enzyme 
in pyrimidine synthesis that catalyzes the conversion of dihy-
droorotate (DHO) to orotate (ORO). Loss of DHODH has been
shown to impair respiratory chain complex III function, reduce
mitochondrial membrane potential, and induce ROS generation
[45]. Our measurements showed that DHODH levels in bacteria 
treated with the 5-FU and FOS combination were significantly
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Fig. 2. 5-FU targets bacterial CTP synthase. (a, b) KEGG pathway enrichment analysis comparing the combination versus control group. The ordinate represents the 
significantly enriched pathways. (c) Development of resistance to 5-FU in MRSA T144. (d) SNP analysis of CTP synthase (pyrG). (e) Schematic illustration of the gene knockout 
procedures. The blue arrows are the primers utilized for PCR validation of the editing efficiency. The red arrow is the primer used for sequencing. (f) pCasSA-mediated 
deletion of the pyrG gene in the S. aureus RN4220. The lane labeled ‘‘ck” is the PCR product from the WT strain as a control. (g) Changes in the MIC of 5-FU against the mutant
strains. (h) Growth curves of S. aureus RN4220 and S. aureus RN4220-DpyrG in the presence of 5-FU at 64 or 128 lg mL−1. (i) Molecular docking analysis of CTP synthase with
5-FU, the 2D diagram depicts interaction modes and binding sites. GLU: glutamate; HIS: histidine; ARG: arginine; PHE: phenylalanine; GLY: glycine; PRO: proline; TYR:
tyrosine; ALA: alanine; VAL: valine. Data are shown as mean ± SD. P value was determined by unpaired t-test in (h, m, n). ***P < 0.001, ****P < 0.0001.
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Fig. 3. The combination of 5-FU and FOS perturbs pyrimidine metabolism. (a) Volcano plot visualizing the distribution of DEGs. Downregulated and upregulated genes are 
denoted by blue and red dots, respectively. NoDiff: no difference. (b) Heatmap of clustering of selected DEGs. (c) KEGG pathway enrichment analysis. The ordinate displays 
significantly enriched pathways, indicating that pyrimidine metabolism, mismatch repair, two-component systems, and ABC transporter-related pathways were markedly 
affected. (d) Expression patterns of representative genes associated with the aforementioned KEGG pathways. (e) Differential expression levels of the ndk and pyrG genes in
the monotherapy and combination groups. (f, g) Levels of (f) 8-OHdG and (g) DHODH in MRSA T144 following treatment with 5-FU, FOS, or their combination. (h) Comparison
of the synergistic effects of 5-FU combined with FOS against three S. aureus (RN4220, RN4220-DpyrG, and RN4220-Dndk). Data are shown as mean ± SD. P values in (e–g) were
determined by one-way ANOVA. ***P < 0.001, ****P < 0.0001, ns: not significant.
reduced, suggesting that the combination disrupted pyrimidine
biosynthesis (Fig. 3(f)). Considering the importance of pyrimidine 
metabolism in DNA synthesis and repair, we further monitored
8

the effect of 5-FU and FOS combination on bacterial DNA damage 
by measuring the content of 8-hydroxy-2′-deoxyguanosine (8-
OHdG). The results showed that intracellular 8-OHdG levels were
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significantly elevated under combination treatment, indicating 
that the combination induced substantial bacterial DNA damage
(Fig. 3(g)). These results demonstrated that the combination of 5-
FU and FOS disturbs pyrimidine metabolism, leading to DNA dam-
age in MRSA.

To confirm the role of pyrimidine metabolism perturbation in 
the synergistic activity of 5-FU and FOS, we knocked out the ndk 
gene, encoding nucleoside diphosphate kinase, which facilitates
the reversible transfer of the c-phosphate from nucleoside triphos-
phates to nucleoside diphosphates (Fig. S8 in Appendix A). We fur-
ther tested the synergistic effects of 5-FU and FOS in two mutant 
strains (DpyrG and Dndk). The results showed that the deletion
of ndk modestly weakened the synergism of this combination,
whereas pyrG deficiency completely abolished their synergistic
activity (Fig. 3(h)), indicating that the targeting effect of 5-FU on 
CTP synthase is essential for its potentiation to FOS.

Given the critical roles of pyrG and ndk genes in the pyrimidine
metabolism (Fig. 4(a)), we further assessed the effect of exogenous 
supplementation of pyrimidine metabolites (cytosine, uracil, and 
thymine) on the synergistic effect of 5-FU and FOS in WT and its 
mutant strains (DpyrG and Dndk). Supplementation with these
metabolites reduced the synergy in all three strains, as demon-
strated by the checkerboard assay (Figs. 4(b)–(d)). Consistent with 
this, time-killing assays indicated that supplementation with 
pyrimidine metabolites weakened or eliminated the synergistic
bactericidal effect of 5-FU and FOS (Fig. 4(e)). These results collec-
tively indicate that the synergistic activity between 5-FU and FOS
is highly dependent on the perturbation of pyrimidine metabolism
pathway.

3.4. Combination of 5-FU and FOS induces membrane dysfunction and
oxidative damage

Next, we sought to elucidate how the combination of 5-FU and 
FOS eventually causes bacterial cell death. First, we assessed the 
impact of this combination on the membrane permeability of 
MRSA T144 using PI, a red-fluorescent dye that penetrates only
dead or damaged cells. Compared to individual treatments with
FOS or 5-FU, the combination resulted in increased fluorescence
intensity, indicating increased membrane permeability (Fig. 5(a)). 
Consistently, protein-leakage assays confirmed that the combina-
tion treatment caused markedly more membrane damage than
either monotreatment or control groups (Fig. S9 in Appendix A). 
Bacterial PMF, generated by electron transport chain activities, is
essential for bacterial survival [46]. Then, we assessed the impact 
of this combination on PMF using DiSC3(5) probe, which accumu-
lates in the cytoplasmic membrane in response to the membrane 
potential (DW ) component of PMF. When DW is disrupted, the
probe is released into the extracellular environment, causing an
increase in fluorescence. As shown in Fig. 5(b), the combination 
of 5-FU and FOS resulted in increased fluorescence compared with 
monotreatment, indicating that their combination exacerbated 
PMF dissipation. Meanwhile, we assessed the effect of their combi-
nation on transmembrane proton gradient (D pH) using a fluores-
cent probe BCECF-AM. In agreement with the dissipation of DW,
the combination treatment led to an increase in DpH, reflecting
their complementary mechanisms (Fig. 5(c)).

Inspired by the transcriptomic evidence that the combination 
treatment interfered with energy metabolism, we next examined 
key indicators of bacterial energetics. The results showed that
the ratio of NAD+/NADH was reduced under the combination treat-
ment (Fig. 5(d)). Meanwhile, this combination led to an increase of 
intracellular ATP levels in MRSA T144 (Fig. 5(e)). The dissipation of 
PMF appears to contradict the observed increase in ATP production 
under combination treatment. To further investigate this, we con-
ducted transcriptomic and RT-qPCR analyses, revealing upregula-
9

tion of oxidative phosphorylation genes (e.g., atpA/C/D/F/G) and 
fatty acid biosynthesis genes (accA/B/C) (Figs. S10(a) and (b) in
Appendix A). This suggests a compensatory mechanism to enhance 
respiratory activity and restore membrane integrity. Moreover,
elevated L-lactate levels (Fig. S10(c) in Appendix A) indicated 
increased substrate-level phosphorylation, which likely serves as 
a rapid energy-generating alternative pathway. To confirm the role 
of glycolysis, we measured ATP levels in the presence of the glycol-
ysis inhibitor 2-deoxy-D-glucose (2-DG). A significant reduction in
ATP levels upon 2-DG addition (Fig. S10(d) in Appendix A) indi-
cated that glycolysis becomes the predominant ATP-generating 
pathway in response to the 5-FU and FOS combination (Fig. S10 
(e) in Appendix A). These findings align with a recent study that 
suggested antibacterial efficacy is often linked to excessive bacte-
rial ATP production [47]. 

Imbalances in the NAD+ /NADH ratio are known to trigger ROS
production [48,49]. Using the fluorescent probe DCFH-DA, we 
found that the combination of 5-FU and FOS significantly elevated
intracellular ROS levels (Fig. 5(f)). In contrast, the addition of ROS 
scavenger N-acetylcysteine (NAC) [50] effectively mitigated the 
ROS elevation induced by 5-FU treatment in a dose-dependent
manner (Fig. 5(f)) and abolished the synergistic activity of the com-
bination (Figs. 5(g) and (h)). Notably, a high concentration of NAC 
(10 mmol L−1 ) increased the MICs of both FOS and 5-FU by two-
fold (Fig. S11(a) in Appendix A). In contrast, NAC had no effect on 
the synergism between FOS and linezolid/moxifloxacin (Fig. S11 
(c) in Appendix A). These findings indicated that ROS generation 
was crucial for the synergistic activity between 5-FU and FOS. To 
explore the link between CTP synthase inhibition and ROS produc-
tion, we measured ROS levels in the DpyrG strain. Strikingly, com-
pared to the WT strain, the deletion of pyrG resulted in a significant
increase in ROS generation (Fig. S12 in Appendix A), indicating that 
5-FU-mediated CTP synthase inhibition exacerbates oxidative 
damage in bacteria. Conversely, the addition of NAC significantly 
reduced ROS levels in the DpyrG strain, underscoring the role of 
pyrimidine metabolism in modulating ROS accumulation. These
mechanistic studies demonstrate that the combination of 5-FU
and FOS disturbs bacterial pyrimidine metabolism, which further
causes membrane damage, increased ATP synthesis and ROS gen-
eration, ultimately resulting in bacterial death (Fig. 6).

3.5. In vivo efficacy evaluation of 5-FU and FOS

Given the potent in vitro synergy of 5-FU and FOS against MRSA, 
we assessed the in vivo efficacy in two animal infection models
(Fig. 7(a)). Prior to this, we assessed the safety of 5-FU to ensure 
that the administered dose would not induce potential toxic 
effects. A dose of 40 mg kg−1 of 5-FU was administered to both
G. mellonella and mice (Fig. S13(a) in Appendix A). Over the 7-d 
observation period, all individuals in the PBS control and 5-FU
treatment groups survived (Fig. S13(b) in Appendix A). Addition-
ally, mice treated with 5-FU exhibited normal weight gain
(Fig. S13(c) in Appendix A). To further assess potential toxicity, 
we analyzed serum biochemical parameters and histological sec-
tions of the liver and kidney (hematoxylin and eosin (H&E) stain-
ing) after 7 d of treatment (Figs. S13(d) and (e)). No significant 
differences were observed between the PBS and 5-FU groups, indi-
cating that 40 mg kg−1 of 5-FU does not induce detectable toxicity
in eukaryotic hosts. These results confirm that the in vivo infection
models are not confounded by host toxicity from 5-FU.

Next, we evaluated the effectiveness of the combination of 5-FU 
and FOS in G. mellonella and murine infection models. In the G. mel-
lonella infection model, larvae infected with MRSA T144 treated 
with PBS all died within 48 h, and the survival rate of G. mellonella
treated with monotherapy was only 37.5% after 5 d. In contrast, the
survival rate in the combination treatment group reached 100% (P
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Fig. 4. Exogenous pyrimidine metabolites weaken the synergy between 5-FU and FOS. (a) Schematic diagram of the pyrimidine metabolic pathway. PRPP: phosphoribosyl 
pyrophosphate: UMP: uridine monophosphate; UDP: uridine diphosphate; UTP: uridine triphosphate; dCMP: deoxycytidine monophosphate; dCDP: deoxycytidine 
diphosphate; dCTP: deoxycytidine triphosphate; dUMP: deoxyuridine monophosphate; dUDP: deoxyuridine diphosphate; dUTP: deoxyuridine triphosphate; dTDP: 
deoxythymidine diphosphate; dTTP: deoxythymidine triphosphate. (b–d) Synergistic antibacterial effect of the 5-FU and FOS combination against (b) S. aureus RN4220, (c) S.
aureus RN4220-Dndk, and (d) S. aureus RN4220-DpyrG with corresponding changes in CFU after the addition of cytosine, uracil, and thymine. (e) Time-killing curves of 5-FU
and FOS after supplementation with pyrimidine metabolites. Data are shown as mean ± SD. P value was determined by unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, ns: not significant.

10



J. Luo, Q. Lv, M. He et al. Engineering xxx (xxxx) xxx

Fig. 5. The combination of 5-FU and FOS dissipates PMF and exacerbates oxidative damage. (a) Membrane permeability and (b) potential changes of MRSA T144 were altered 
following combined treatment of 5-FU and FOS. (c) Effect of the 5-FU and FOS combination on DpH in MRSA T144. (d) The NAD+ /NADH ratio in MRSA T144 after treatment 
with 5-FU and FOS, individually and in combination, is presented. (e) Intracellular ATP levels of MRSA T144 under various treatments, measured by monitoring the
corresponding luminescence signals. (f) Intracellular ROS production in MRSA T144 was assessed. (g, h) The influence of exogenously added NAC (2.5, 5, and 10 mmol L−1) on
their synergistic effect via checkerboard assays and time-killing curves. Data are shown as mean ± SD. P values in (a–e) were determined by one-way ANOVA or (h) t-test.
*P < 0.05, ***P < 0.001, ****P < 0.0001, ns: not significant.
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Fig. 6. Schematic diagram of the synergistic mechanism of the combination of 5-FU and FOS against MRSA. The 5-FU and FOS combination perturb bacterial pyrimidine 
metabolism, which causes membrane damage, PMF dissipation, elevated ATP and ROS production, ultimately leading to bacterial death. NCS1: neuronal calcium sensor 1;
GlpT: glycolipid transfer protein; UhpT: sugar phosphate transporter.
< 0.0001) (Fig. 7(b)). Additionally, the in vivo efficacy of combina-
tion therapy was also confirmed in the mice peritonitis infection 
model, where the combination of FOS and 5-FU provided a survival
benefit compared to the monotherapy group (P = 0.0071) (Fig. 7 
(c)). Bacterial loads measured in the organs of mice showed that 
the combination treatment group led to a reduction in CFU by 2–
3 log10 compared to the monotherapy group (Fig. 7(d)). These 
encouraging results demonstrate the in vivo effectiveness of 5-FU 
and FOS combination for the treatment of MRSA-associated
infections.

4. Discussion 

The emergence and rapid spread of antibiotic resistance in 
pathogenic bacteria represent a global public health threat [51]. 
Identifying novel adjuvants to restore the efficacy of existing 
antibiotics offers a promising strategy for combating MDR bacteria,
including MRSA [52]. Several studies have demonstrated the 
potential of antibiotic adjuvants, such as felodipine and diclofenac, 
to enhance the efficacy of antibiotics like aminoglycosides and b-
lactams against drug-resistant strains [36,53]. Additionally, a 
growing body of research has explored alternatives to antibiotics, 
including antitoxin s, antibodies, probiotics, and vaccines, as poten-
tial new therapeutic strategies [54–58]. However, many of these 
alternatives serve as adjunctive or preventative therapies, as their 
effectiveness as standalone treatments is still under investigation. 
In contrast, traditional antibiotics, particularly when combined 
with appropriate adjuvants, remain indispensable in the fight 
against resistant infections. Among these, FOS has regained atten-
tion due to its broad-spectrum activity, favorable safety profile,
and its potential for synergism when combined with other agents
such as polymyxins and linezolid [59,60]. In this study, we found 
that 5-FU, a chemotherapy drug, significantly enhanced the 
antibacterial effectiveness of FOS against MRSA infections. Mean-
while, our results indicated that a combinati on of 5-FU and FOS
effectively inhibits biofilm formation and clears pre-formed bio-
films, which are major contributors to chronic and recurrent infec-
tions [61,62]. 

CTP synthase, encoded by the pyrG gene, is a key enzyme in bac-
terial nucleotide metabolism, catalyzin g the conversion of uridine
triphosphate (UTP) to CTP, an essential precursor for RNA and
12
DNA synthesis. This enzyme plays a pivotal role in maintaining 
the balance of the nucleotide pool, and its activity is tightly regu-
lated by feedback mechanisms to ensure metabolic homeostasis
[63]. Notably, our research revealed that 5-FU targets CTP syn-
thase, thereby limiting CTP synthesis. This action imposes meta-
bolic stress by perturbing the nucleotide biosynthesis 
equilibrium, sensitizing bacterial cells to further metabolic distur-
bances. Moreover, the inhibition of CTP synthase by 5-FU disrupted 
the entire pyrimidine metabolic pathway through complex feed-
back regulatory networks. This leads to significant changes in
pyrimidine nucleotide synthesis and salvage pathways. Notably,
there is a paradoxical increase in thymidine levels and a decrease
in thymine levels. Accordingly, 5-FU inhibits dTMP synthesis and
triggers compensatory thymidine salvage, partially restoring dTMP
but exacerbating thymine depletion [64]. Mutations in pyrG 
amplify these responses [65], with pyrG mutant strains showing 
higher thymidine levels and more pronounced thymine depletion. 
This highlights the complexity of bacterial regulator y networks
and the vulnerabilities in nucleotide metabolism that can be tar-
geted for therapeutic intervention.

The metabolic disruption induced by 5-FU also uncovers its 
potential synergistic effects with existing antibiotics. Our study 
demonstrated that the combination of 5-FU and FOS disrupts
pyrimidine biosynthesis by inhibiting DHODH, a key enzyme in
the de novo pyrimidine synthesis pathway [66,67]. This inhibition 
not only reduced pyrimidine production but also dissipated bacte-
rial PMF, leading to increased ATP synthesis and ROS accumulation. 
ROS-induced oxidative stress plays a central role in the bactericidal 
activity of this combination, as confirmed by the diminished effect
upon the addition of ROS scavenger. These findings emphasize the
therapeutic potential of combining 5-FU with FOS, highlighting the
role of metabolic disturbance in enhancing antibiotic activity.

In conclusion, our study demonstrates that the combination of 
5-FU and FOS effectively eradicates MRSA, as evidenced by both 
in vitro and in vivo models. Notably, we reveal that 5-FU could tar-
get bacterial CTP synthase. The combination of 5-FU and FOS per-
turbs pyrimidine metabolism, leading to bacterial membrane
damage, PMF dissipation, enhanced ATP production, and increased
oxidative damage. This cascade of metabolic disruption culminates
in bacterial cell death, underscoring the importance of targeting
critical metabolic pathways in potentiating antibiotic killing.
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Fig. 7. In vivo efficacy of the 5-FU and FOS combination. (a) Schematic of the experimental design for the G. mellonella and murine peritonitis-sepsis infection models. (b, c) 
Survival curves of G. mellonella larvae and mice (n = 8 per group) infected with MRSA T144 and treated with the combination of 5-FU and FOS. P value was determined using a 
two-sided log-rank (Mantel-Cox) test. (d) Bacterial loads in the heart, liver, spleen, lungs, and kidneys of MRSA-infected mice subjected to different treatments regimens
(n = 6 per group). Data are shown as adjusted P values were determined using two-way ANOVA with Sidak’s multiple comparison test. **P < 0.01, ***P < 0.001, ****P < 0.0001.
Together, these findings uncover the therapeutic promise of this 
combination as an effective strategy to combat MRSA infections
and biofilm-associated persistence.
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