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Abstract: Objectives: The increasing issue of bacterial resistance, coupled with inadequate progress in developing 
new antibiotics, necessitates exploring alternative treatments. Antibacterial biomaterials, such as silver and copper, 
possess advantageous properties such as heat resistance, durability, continuity, and safety. Particularly, they can 
effectively eliminate pathogenic bacteria while preserving cellular integrity, emphasizing the necessity of identifying 
optimal metal ion concentrations for practical application. Caenorhabditis elegans (C. elegans) can serve as a note-
worthy model in this context. This study employed a C. elegans infection model to assess the efficacy of antibacterial 
metal ions. Methods: Hematoxylin-eosin (HE) staining and inductively coupled plasma mass spectrometry (ICP-MS) 
assay were utilized to determine the toxic levels of metal ions in mice. Additionally, RNA sequencing (RNA-seq) and 
assessment of reactive oxygen species (ROS) production in the C. elegans model were conducted to elucidate the 
mechanisms underlying metal ion toxicity. Results: Silver ion concentrations ranging from 10-6 to 10-7 M and copper 
ion concentrations ranging from 10-4 to 10-5 M exhibited antimicrobial properties without eliciting cytotoxic effects. 
Analysis of the transcriptome data derived from mRNA isolated from C. elegans indicated that CRKP infection acti-
vated the FoxO signaling pathway, potentially leading to ROS accumulation and C. elegans demise. Conclusions: In 
conclusion, C. elegans serves as a comprehensive infection model for assessing antibacterial metal ions.
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Introduction

The World Health Organization (WHO) has 
declared that carbapenem-resistant (CR) bac-
teria present a major concern for public health 
[1]. The increasing prevalence of antibiotic 
resistance and the few number of novel antibi-
otics have limited the available treatment 
choices for bacterial infections. Consequently, 
there is an urgent need to investigate alterna-
tive antibiotics. Metal ions have emerged as 
potential candidates due to their distinct anti-
bacterial properties compared to conventional 
antibiotics [2]. Silver and copper in particular 
have gained significant attention as antibacte-
rial biomaterials due to several advantages [3, 
4]. The correlation between the antibacterial 
property and cytotoxicity of metal ions exhibits 
substantial variability, and the precise mecha-
nisms underlying the antimicrobial property of 

metal ions remain inadequately elucidated 
[5-7]. Previous studies have demonstrated that 
small quantities of silver and copper bring 
advantages to human health while exerting det-
rimental effects on microbes. In fact, silver pos-
sesses potent antibacterial properties with 
minimal toxicity for human cells [8]. Notably, 
there is a growing interest in using copper as an 
antimicrobial substance [9]. For instance, cop-
per salts have been integrated into mouthwash-
es and toothpastes as antimicrobial agents for 
managing gingivitis [10]. Currently, studies on 
metal ions primarily focus on the correlation 
between their antibacterial characteristics and 
cytotoxicity; however, there is less reliance on 
the results of in vitro experiments. In vitro plate 
colony-counting approach cannot account for 
the effect of in vivo interactions. Consequently, 
the use of innocuous metal compounds has 
been limited due to potential safety issues. 
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Mammalian models are both expensive and 
time-intensive [11, 12]. Rodent models demon-
strate a predictive accuracy of approximately 
50% when predicting specific toxic effects on 
humans [13-15]. Recently, growing research 
indicated that C. elegans offers valuable plat-
forms for measuring the pathogenesis of micro-
bial infection and host reactions to intracellular 
infection.

The present study explored the efficacy of dif-
ferent concentrations of metal ions in combat-
ing CRKP, utilizing a comprehensive C. elegans 
screening system. Furthermore, the potential 
cytotoxic effects of these antibacterial metal 
ions were examined by assessing the survival 
rate and observed behavior of C. elegans at dif-
ferent concentrations. The primary objective of 
this study was to understand the changes in 
host gene expression patterns after infection 
with CRKP in C. elegans. Additionally, we inves-
tigated the mechanisms associated with CRKP 
infection and established a model for screen-
ing anti-infective drugs. Our findings shed light 
on the host’s response to Klebsiella pneumo-
nia infection and provide valuable insight into 
the broader context of antimicrobial defense in 
C. elegans.

Materials and methods

General materials

Silver nitrate (AgNO3, BioReagent grade) and 
copper chloride (CuCl2.2H2O, BioReagent grade) 
were purchased from Sigma-Aldrich (St. Louis, 
MO, USA), and serial dilutions in purified water 
were prepared to prevent silver salt preci- 
pitation. The solution of antibacterial metal 
ions was prepared and filtered using a ste- 
rile, single-use 0.22 μm filter (Millex-GS, Milli- 
pore, France). Carbapenem-resistant Klebsiella 
pneumoniae (CRKP) was obtained from the 
Guangzhou General Hospital of Guangzhou 
Military Command of PLA (Guangzhou, People’s 
Republic of China).

C. elegans and culture conditions

The C. elegans glp-4(bn2);sek-1 (km4) was 
used because the glp-4 mutation makes C. 
elegans incapable of producing progeny at 
25°C, and sek-1 mutant animals are relatively 
immunocompromised, which decreased the 
duration of the assay [16, 17]. The C. elegans 

strain was propagated on a nematode growth 
medium (NGM) and fed on the standard labora-
tory food source, E. coli OP50. The animals 
were age-synchronized by bleaching with alka-
line hypochlorite and sodium hydroxide to liber-
ate embryos. Embryos were placed into plates 
containing concentrated E. coli OP50 at 25°C 
until the worms reached the young adult stage.

Lethality test based on the C. elegans model

Lethality tests were conducted on the synchro-
nized young adult nematode exposed to differ-
ent concentrations of Ag+ and Cu2+ [18]. Briefly, 
each test consisted of seven concentrations 
and a control. 20 ± 1 young adult C. elegans 
were transferred to 96-well plates containing 
200 μL of the test solution in each well. The 
plate was incubated at 25°C and survival was 
monitored every 24 h following exposure to the 
metal ion.

Lethality test of Ag+ and Cu2+ in the mouse 
model

Animal studies were conducted at the Guang- 
zhou General Hospital of Guangzhou Military 
Command (Guangzhou, Guangdong, China). 
Animals received humane care throughout  
the experiment, and all procedures were app- 
roved by the Guangzhou General Hospital of 
Guangzhou Military Command. Kunming mice 
were purchased from Southern Medical Uni- 
versity Laboratory Animal Center (Guangzhou, 
Guangdong, China) and were allowed to accli-
matize to the animal room conditions for two 
weeks before the study. In total, 42 mice were 
randomly divided into 7 groups of 6 animals 
each (3 males and 3 females per group). Three 
concentrations of silver ions and copper ions 
were selected, based on the toxicity results 
from the nematode-lethality test. Three mouse 
groups were injected with different concentra-
tions of Ag+ (10-4 M, 10-5 M, and 10-6 M), and 
the remaining three groups of mice were in- 
jected with different concentrations of Cu2+ 
(10-2 M, 10-3 M, and 10-4 M). Sterile water was 
injected into the control group. A single dose  
of 50 ml/kg was administered. Animals were 
injected once per week for 9 weeks. The envi-
ronmental conditions were set at a tempera-
ture of 22 ± 2°C and a relative humidity of 55 ± 
15%, with air circulation and 12 h light/dark 
cycle. The mice had free access to standard 
diet and tap water ad libitum during the experi-
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ment. The animals were monitored for gross 
behavioral, neurologic, autonomic, and toxic 
effects for the first 24 h and then daily for 14 
days. Toxic effects were assessed based on 
mortality. All experimental mice were eutha-
nized with carbon dioxide. The euthanasia was 
performed with carbon dioxide inhalation at a 
flow of 61/min [19].

Tissue collection

During necropsy, organs and tissues were 
assessed for gross visible lesions, and tissues 
and organs were preserved in 10% neutral buff-
ered formalin (NBF). Livers and kidneys were 
collected for histopathology. In addition, livers 
were stored at -80°C for total silver and copper 
analysis by ICP-MS. The preserved organs and 
tissues of animals from the control and ion 
groups were subjected to histological examina-
tion. The organs were fixed in a 10% solution  
of buffered formalin (pH = 7.4) and embedded 
in paraffin for histopathological examination. 5 
µm sections of each tissue were stained with 
HE. Each section was observed under an 
Olympus BX-51 microscope (Olympus, Tokyo, 
Japan). Tissues in 1 ml fixative were stored in 
10 ml of 70% nitric acid overnight to start the 
digestion process. Samples were then micro-
wave-digested in an Xpress microwave digester 
(CEM Corp., Matthews, NC, USA). The tempera-
ture was ramped to 200°C and maintained at 
this temperature for 20 minutes. Samples were 
subsequently boiled down to less than 1 ml 
each and reconstituted in water to reach exact-
ly 10 ml volume. Ag+ and Cu2+ levels in liver tis-
sues were measured using a 7700 Series ICP-
MS from Agilent Technologies (Santa Clara, 
CA). Each time point represented the average 
from at least three individual mice.

Screening antibacterial ion concentration 
based on the C. elegans infection model

Overnight cultures of K. pneumonia/CRKP were 
grown in BHI broth and centrifuged to pellet the 
bacteria. The pellet was suspended in a medi-
um composed of 20% BHI, 80% M9 buffer, and 
5.0 μg.ml-1 nalidixic acid to prepare a suspen-
sion of 106 cells per ml (OD600 = 0.03). Nalidixic 
acid was used to inhibit E. coli growth as it did 
not affect other bacteria. Subsequently, the 
bacterial suspension was transferred to a  
centrifuge tube containing synchronized young 
adult nematodes for 12 h. The infected worms 

were then washed with a medium until the  
solution was clear. For the antibacterial ion 
screening assay, a 96-well plate was filled with 
20 infected C. elegans per well. Wells contain-
ing uninfected C. elegans served as blank con-
trols. The concentrations of silver (Ag+) and cop-
per ions (Cu2+) varied from 10-2 M to 10-7 M. 
They were transferred to wells to generate mul-
tiple concentrations for antibacterial treatment. 
Purified water served as the negative control. 
After 12 h, the plate was observed under a  
stereo-microscope to score worm survival. For 
each treatment, 60 C. elegans were transferr- 
ed to three wells (20 per well), representing 
three technical replicates. 1 μg/ml tigecycline 
(Aladdin) dissolved in ddH2O was used as posi-
tive and negative controls.

RNA extraction, library construction, and se-
quencing

C. elegans were cultured for 0, 6, 12, or 24 
hours with Klebsiella pneumonia (OD600 = 
0.03). Uninfected C. elegans were synchroni- 
zed by standard bleach treatment. After blea- 
ching, animals (L4 stage) were inoculated with 
Klebsiella pneumonia (OD600 = 0.03). Animals 
were rinsed off from the tubes, the supernatant 
was removed after centrifugation, and 1 ml of 
Trizol was added. Total RNA was extracted 
using Trizol and mRNA was subsequently 
enriched using OligoTex mRNA mini (Qiagen) 
according to the manufacturer’s protocol. RNA 
quality and quantity were assessed on an 
Agilent 2100 Bioanalyzer (Agilent Technolo- 
gies, Palo Alto, CA, USA) and confirmed using 
RNase-free agarose gel electrophoresis. The 
RNA from the three replications was pooled, 
and enriched by Oligo (dT) beads. Microanalysis 
for each treatment was performed in biological 
triplicates. For transcriptomic analyses, C. ele-
gans infected with Klebsiella pneumonia (0, 6, 
12, or 24 hours) were defined as CK, T1, T2, 
and T3, respectively. Subsequently, the en- 
riched mRNAs were fragmented using a frag-
mentation buffer and reverse transcribed into 
cDNA with random primers. Second-strand 
cDNA was synthesized using DNA polymerase I, 
RNase H, dNTPs, and buffer. cDNA fragments 
were purified using a Qiaquick PCR extraction 
kit (Qiagen, Venlo, The Netherlands), end-re- 
paired, poly(A) added, and ligated to Illumina 
sequencing adapters. The ligation products 
were size selected using agarose gel electro-
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phoresis, PCR amplified, and sequenced using 
Illumina HiSeq2500 (Gene Sagene Biotech, 
Guangzhou, China).

ROS level determination

The toxic mechanisms of silver and copper ions 
were investigated using a ROS assay to under-
stand better the toxic properties of metal ions. 
ROS were quantified as described previously 
[20]. C. elegans treated with the metal ions for 
24 h were washed twice with ddH2O and once 
with M9 media. C. elegans were then placed 
into M9 media mixed with dichlorofluorescein 
(DCF) at 25°C for 30 min. ROS detection was 
conducted using a BX-51 microplate reader 
(Olympus, Tokyo, Japan) at an excitation wave-
length of 528 nm and emission at 485 nm. All 
measurements were performed in the dark.

Statistical analysis

Statistical analysis was performed with SPSS 
version 16.0 software (version 16.0, SPSS Inc., 

gans lethality test. The results indicated that 
the survival rate increased with decreasing Ag+ 
or Cu2+ concentrations. The results indicated 
that 10-6-10-7 M of Ag+ and 10-4-10-7 M of Cu2+ 
were non-toxic to C. elegans (Figure 1).

Lethality test of Ag+ and Cu2+ using the mouse 
model

To confirm the non-lethal concentrations of Ag+ 
and Cu2+, mice treated with 10-4-10-6 M of Ag+ or 
10-2-10-4 M of Cu2+ were followed for 9 weeks. 
The results showed that treatment with 10-4-
10-6 M of Ag+ did not lead to death (Figure 2A). 
In contrast, the 21-day mortality rate of mice 
exposed to 10-2 M Cu2+ was 100%, and that of 
mice exposed to 10-3 M of Cu2+ was 34%. HE 
staining of mouse liver tissue was used to 
detect the toxicity of metal ions to mice organs. 
Liver tissues were damaged in animals treated 
with 10-4-10-5 M of Ag+ and 10-2-10-3 M of Cu2+ 
(Figure 2B). Mice treated with 10-2-10-3 M of 
Cu2+ suffered from diffuse and severe midzone 
hepatocellular necrosis, hemorrhage, and lym-

Figure 1. Percent survival of C. elegans 4 days post exposure to metal ions. A. 
10-2-10-7 M Ag+; B. 10-2-10-7 M Cu2+. Data represent 3 replicate experiments, 
with each experiment containing 3 replicate wells. P < 0.05 for significance 
of interaction term in 2-factor ANOVA, *P < 0.05, **P < 0.01, ***P < 0.01.

Chicago, IL, USA) and Graph- 
pad PRISM software (Graph- 
Pad Software Inc., San Diego, 
CA). The survival analysis 
used Log-rank (Mantel-Cox) 
test. Data was analyzed using 
Student’s t-test. The data are 
presented as the mean + SD, 
and significant statistical dif-
ferences are presented as 
asterisks (*P ≤ 0.05; **P ≤ 
0.01; ***P ≤ 0.001). All 
experiments about C. elegans 
experiments presented were 
repeated at least three times. 
In addition, the animal experi-
ments were conducted in par-
allel with three mice.

Results

The cytotoxic effects of Ag+ 
and Cu2+ ions in a C. elegans 
model

The survival rates of C. ele-
gans 4 days (4d-LC50s) and 8 
days (8d-LC50s) after expo-
sure to different concentra-
tions of Ag+ and Cu2+ were 
estimated based on a C. ele-
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Figure 2. Lethality test of Ag+ and Cu2+ using the mouse model. A. The survival curve and body weight growth curves during the 9-week administration by injection 
with Ag+ and Cu2+. Plotted values are mean treatment body weights for 9 weeks; B. Histological changes in mice liver after inject administration of Ag+ and Cu2+; C. 
Silver tissue concentration after intraperitoneal injection administration of Ag+, Cu2+ in mice. Data were expressed as means ± SD. Statistical significance: **P < 
0.01, ***P < 0.001.
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phocyte infiltration in the hepatic portal spa- 
ce, necrosis, and scattered hemorrhages. Mice 
injected with 10-4 M of Ag+ exhibited perivascu-
lar edema, lymphocyte infiltration, and necrosis 
in the hepatic portal space. Mice treated with 
10-5 M of Ag+ had only mild lymphocyte infiltra-
tion and necrosis in the hepatic portal space. 
Hepatic lesions were not observed and lympho-
cyte infiltration decreased in mice treated with 
10-6 M of Ag+ and 10-5 M of Cu2+. Animals treat-
ed with low concentrations had only focal and 
mild inflammation in their liver tissues. The con-
centrations of the Ag+ and Cu2+ in mice liver tis-
sues were determined using ICP-MS (Figure 
2C). The mean concentration of Cu2+ was 4600 
ng/g for the control group over the study, but 
the total Ag+ levels for each control formulation 
were less than the ICP-MS limit of quantitation 
(260 ng/g) throughout the study. There was no 
significant difference in the mean concentra-
tion of Ag+ in mouse liver tissues between 10-5 
M or 10-6 M Ag+ treatment groups (P > 0.05). 
However, the average concentration of Cu2+ in 
the liver tissues of mice was significantly differ-
ent between 10-2 M and 10-3 M Cu2+ treatment 
groups (P < 0.05). These results showed that 
10-6-10-7 M of Ag+ and 10-4-10-7 M of Cu2+ were 
not toxic.

The antibacterial effect of Ag+ and Cu2+ ions in 
the C. elegans infection model

A 12-hour treatment cycle with Ag+ or Cu2+ was 
conducted to assess the antibacterial efficacy 
of Ag+ and Cu2+ against CRKP infection of C. 
Elegans. The screening procedure was aided by 
noticeable disparities in the physical character-
istics between live and dead worms. Infected 
worms generally exhibited reduced size com-
pared to healthy worms nourished with E. coli 
OP50. Deceased worms were immobile, lacked 
muscle tonicity, and were unresponsive to 
external stimuli.

In the medium, C. elegans exhibited a straight 
rigid rod-like appearance and lacked observ-
able pharyngeal pumping. Conversely, worms 
exposed to E. coli OP50 displayed a sinusoi- 
dal ‘S’ shape and exhibited active movement. 
These C. elegans experienced growth and 
eventually evolved into gravid adults (Figure 
3A). The interaction between C. elegans and 
CRKP during infection is a multifaceted and 
dynamic process. The activity of C. elegans 

decreased after 6 hours of infection, followed 
by a subsequent decline in autonomous activity 
after 12 hours of infection, accompanied by 
observable pharyngeal pumping. 24 hours 
after the infection, the intestines of C. elegans 
were filled with a significant quantity of bacte-
ria, neutralizing independent activities. App- 
roximately one hour later, oropharyngeal activi-
ty was decreased (Figure 3B). To construct the 
infection model, we chose an infection time of 
12 hours and an infection concentration of 
1.5×106 cfu/ml CRKP [21, 22]. The survival 
rates of C. elegans infected with CRKP signifi-
cantly increased after treatment with 10-2 M to 
10-7 M concentrations of Ag+ and Cu2+ for 12 h. 
After treatment, over 50% of C. elegans sur-
vived, compared to approximately 20% survival 
rate observed in the untreated control group. 
The control group, consisting of C. elegans fed 
on E. coli OP50, remained alive throughout the 
entire experiment. Our findings revealed that 
12 h treatment with Ag+ exhibited antimicrobial 
properties within the concentration range of 
10-2-10-6 M. Utilizing the identical analytical 
approach, the antimicrobial concentration ran- 
ge of Cu2+ ions was determined to be 10-2-10-4 
M (Figure 3C). Combined with previous cytotox-
icity results, it was established that 10-6 M of 
Ag+ and 10-4 M of Cu2+ can exhibit antimicrobial 
activity without any cytotoxic effects.

Differential gene expression pattern analysis, 
clustering, and functional enrichment in C. el-
egans infected with CRKP

The transcriptome data of mRNA isolated from 
C. elegans infected with CRKP were analyzed to 
uncover the pathogenesis of CRKP infection in 
C. elegans and provide helpful information for 
selecting and designing antimicrobial agents. 
The transcriptome data were generated from 
the mRNA isolated from C. elegans infected 
with CRKP (OD600 = 0.03) for 0 h, 6 h, 12 h, and 
24 h. Following 6 hours of infection, 1899 
genes were downregulated, while 1321 genes 
were upregulated. After 12 hours of infection, 
856 genes were upregulated and 823 genes 
were downregulated. 24 hours after the fatal 
infection, 1077 genes were upregulated, and 
1021 genes were downregulated (Figure 4A). 
Gene ontology (GO) analysis of differentially 
expressed genes at various infection time 
points revealed a predominant enrichment of 
these genes during anatomical structure de- 
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velopment, cell cycle, cell differentiation, chro-
mosome organization, cytoskeleton organiza-
tion, developmental process, mitosis, organelle 
organization, reproduction, single-organism de- 
velopmental process, small molecule metabo-
lism, cytoskeleton, extracellular matrix, mac- 

romolecular complex, nuclear chromosome, 
protein complex, and oxidoreductase activity 
(Figure 4B). The KEGG enrichment analysis of 
differentially expressed genes revealed enrich-
ment in various pathways, including DNA repli-
cation, calcium signaling pathway, and FoxO 

Figure 3. The antibacterial effect of Ag+ and Cu2+ ions in CRKP infected C. Elegans. A. Distinct appearances of dead 
(C. elegans exposed either to CRKP) and alive (C. elegans exposed either to E. coli OP50); B. Survival curves of CRKP 
infected C. elegans at different concentrations, Log-rank (Mantel-Cox) test was performed for survival analysis using 
Graph Pad Software, P < 0.001; C. The survival rate against ATCC700603/CRKP (right) infected C. elegans in the 
presence of metal ions at different concentrations. The bacteria concentration was 106 CFU/ml. Data are presented 
as the mean ± standard deviation. Significant difference of antibacterial rate was observed with respect to the ex-
periment groups with negative control (ddH2O) (n = 3, ***P < 0.001).
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signaling pathway (Figure 4C). The FoxO path-
way is known to exert multifaceted and signifi-
cant effects on cellular processes, such as pro-
liferation, cell cycle arrest, anti-oxidant defense, 
and apoptosis induction at 24 h post-infection. 
Further analysis of genes from the FoxO signal-
ing pathway unveiled that cyb-1, cyb-3, lgg-3, 
plk-1, plk-2, plk-3, ctl-3, prmt-1, and skpt-1 
genes were downregulated, weakening the anti-
oxidant response and inducing oxidative stress 
[23, 24].

Measurement of ROS content in C. elegans 
exposed to ion metals or CRKP

Transcriptome data analysis revealed that C. 
elegans death after infection with CRKP was 

linked to decreased expression of genes relat-
ed to the FoxO signaling pathway and subse-
quent increase in ROS levels. We measured the 
ROS content of infected C. elegans after expo-
sure to toxic concentrations of Ag+ and Cu2+ to 
verify how infection led to C. elegans death. The 
results showed that compared to the control 
group, ROS production was significantly 
increased in organisms exposed to metal ions. 
Acute exposure to Ag+ and Cu2+ at lethal con-
centrations increased ROS production (Figure 
5). Numerous in vivo and in vitro nanotoxicolo-
gy studies have indicated that free radical gen-
eration is the major mechanism of toxicity, 
which subsequently leads to oxidative stress, 
DNA damage, cytotoxicity, apoptosis, and tu- 
morigenesis [25-27]. Hence, ROS production 

Figure 4. Transcriptional analysis of differentially expressed genes in C. Elegans infected with CRKP. A. Number 
of differentially expressed genes at different time points post-infection; B. Functional analysis of differentially ex-
pressed genes in Caenorhabditis elegans at each time point after CRKP infection performed using Gene Ontology 
(GO) classification; C. Enrichment analysis of KEGG pathways associated with differentially expressed genes in C. 
elegans infected with CRKP at 12 H.

Figure 5. Measurement of ROS levels in nematodes infected with lethal and toxic strains. A. The confocal laser scan-
ning micrographs showing the ROS production in nematodes exposed to silver ions, copper ions and K. pneumonia 
by DCFH-DA staining method; B. Fluorescence intensity of each group calculated using Image J software (**P < 
0.01, ***P < 0.001).
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appears to be the major contributor to worm 
death after exposure to metal ions and CRKP. 
Additionally, studies have indicated that reduc-
ing ROS levels with proper antioxidants may be 
a useful strategy to prevent or delay these 
pathologic processes [28, 29]. Therefore, anti-
oxidants might protect against metal ion toxici-
ty and ROS-mediated damage after CRKP infec-
tion. Antioxidants can attenuate metal ion tox-
icity but maintain their antibacterial action, 
which is expected to become a new direction of 
antimicrobial drug research and development 
in the future.

Discussion

The preliminary phases of screening antimicro-
bial ions commonly include in vitro techniques 
that emphasize direct bacteriostatic or bac- 
tericidal effects. Nonetheless, the application 
of these techniques in assessing compounds 
with unique mechanisms of action is limited 
due to various factors [30, 31]. Culturing spe-
cific microorganisms under viable conditions 
can be challenging. Furthermore, increased 
concentrations of compounds used for in vitro 
screening may exhibit toxicity or suboptimal 
pharmacokinetic characteristics in subsequent 
developmental stages. In the past decade, anti-
microbial drug discovery has shifted toward 
using whole animal models, like zebrafish and 
C. elegans, to screen new compounds and 
uncover their mechanisms of action [32]. C. 
elegans model can help assess direct antimi-
crobial effects and potential immune mecha-
nisms involved in antimicrobial effects. Using a 
whole live animal model, like C. elegans, can 
provide important information on systemic tox-
icity of compounds in the early stages of drug 
discovery [33]. The self-fertilization and genetic 
homogeneity of C. elegans make it a valuable 
model for studying the effects of novel com-
pounds. Inbreeding mutant strains of C. ele-
gans from a homogeneous genetic background 
can help investigate the mechanism of new 
compounds, making it an ideal organism that 
links in vitro assays to vertebrate models. C. 
elegans is a useful tool for discovering new 
antimicrobial drugs. It can be fatally infected  
by various human pathogens, such as Staphy- 
lococcus aureus [34], Serratia marcescens 
[35], Pseudomonas aeruginosa [36], Klebsie- 
lla pneumoniae, Enterococcus faecalis, and 
Candida albicans [37]. In this study, a C. ele-

gans model of CRKP infection was established 
and used to measure the antibacterial effects 
of metal ions. Co-cultivating C. elegans with 
10-6-10-7 M silver ions and 10-4-10-5 M copper 
ions showed antimicrobial effects without 
harming host cells. This supports previous 
studies that focused on in vitro and cellular 
tests [38, 39]. Animal models were then used 
to confirm the safety of these metal ions.

Silver ions at 10-4 M to 10-6 M did not affect 
mouse survival and did not lead to liver dam-
age at 10-4 M to 10-5 M [40]. Animal models 
were used to confirm the effects of different con- 
centrations of copper ions on mouse survival. 
Lower concentrations of silver and copper ions 
were non-toxic to nematodes and mice. Copper 
ions at different concentrations were adminis-
tered to mice, showing no toxicities at lower lev-
els for both mice and nematodes. We analyzed 
mRNA data from infected nematodes to investi-
gate how CRKP infection affects C. Elegans.  
We found that CRKP infection may activate the 
FoxO signaling pathway, weakening the antioxi-
dant defense of nematodes and increasing 
mortality [41]. Therefore, ROS levels in nema-
todes contribute to mortality after infection, 
evidenced by altered ROS levels in deceased 
nematodes. Silver and copper ions at 10-2 M 
concentrations increased ROS levels in de- 
ceased nematodes. Therefore, ROS levels in 
nematodes contribute to mortality after infec-
tion. Silver and copper ions at 10-2 M concen-
trations also increased ROS levels in deceased 
nematodes. Previous studies suggested that 
antioxidants can prevent or delay damage by 
reducing ROS levels. This indicates that antioxi-
dants may protect against metal ion toxicity 
and ROS-induced damage in the C. elegans 
model of CRKP infection. Antioxidants can miti-
gate metal ion toxicity caused by elevated ROS 
levels while maintaining the antibacterial prop-
erties of the metal ions. Previous studies sug-
gested that antioxidants can help prevent or 
delay harmful processes by reducing ROS lev-
els. This indicates that antioxidants may pro-
tect against metal ion toxicity and ROS-induced 
damage in the C. elegans model of CRKP infec-
tion [42]. In the future, this strategy can help 
develop antimicrobial agents. The role of the 
circulatory system and the blood-brain barrier 
were neglected in our study. Therefore, the C. 
elegans model can only play a preliminary role 
in infection and toxicity screening, and the 
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results need to be verified in mammalian 
experiments.

C. elegans lacks certain anatomical features, 
limiting its role in infection and toxicity screen-
ing. Further mammalian experiments are re- 
quired to confirm these findings. Additionally, 
the potential of antioxidants to reduce metal 
ion toxicity and improve antibacterial activity 
needs more verification.

This model can be a new addition to develop 
antimicrobial agents, but our study has some 
limitations. C. elegans lacks certain anatomical 
features, and more studies are needed to con-
firm the potential of antioxidants in reducing 
metal ion toxicity and improving the antibacte-
rial effects.

Conclusions

In conclusion, the C. elegans model can help 
assess the antibacterial properties and toxicity 
of metal ions, ameliorating metal ion toxicity 
while maintaining their antibacterial properties 
to resolve CRKP infection. The lethal mecha-
nism underlying CRKP infection and metal ion 
toxicity may be associated with ROS overpro-
duction. In future studies, antioxidants can be 
employed to mitigate metal ion toxicity, thereby 
offering a novel avenue for treating drug-resis-
tant bacteria.
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