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The metabolic microenvironment of bacteria impacts drug efficacy. However, 

the metabolic mechanisms of drug-resistant Salmonella spp. remain largely 

unknown. This study characterized the metabolic mechanism of gentamicin-

resistant Salmonella Choleraesuis and found that D-ribose increased the 

gentamicin-mediated killing of this bacteria. Non-targeted metabolomics of 

homologous gentamicin-susceptible Salmonella Choleraesuis (SCH-S) and 

gentamicin-resistant S. Choleraesuis (SCH-R) was performed using UHPLC-Q-

TOF MS. The metabolic signature of SCH-R included disrupted central carbon 

metabolism and energy metabolism, along with dysregulated amino acid 

and nucleotide metabolism, vitamin and cofactor metabolism, and fatty acid 

synthesis. D-ribose, the most suppressed metabolite in SCH-R, was shown 

to strengthen gentamicin efficacy against SCH-R and a clinically isolated 

multidrug-resistant strain. This metabolite had a similar impact on Salmonella. 

Derby and Salmonella. Typhimurium. D-ribose activates central carbon 

metabolism including glycolysis, the pentose phosphate pathway (PPP), and 

the tricarboxylic acid cycle (TCA cycle), increases the abundance of NADH, 

polarizes the electron transport chain (ETC), and elevates the proton motive 

force (PMF) of cells, and induces drug uptake and cell death. These findings 

suggest that central carbon metabolism plays a critical role in the acquisition 

of gentamicin resistance by Salmonella, and that D-ribose may serve as an 

antibiotic adjuvant for gentamicin treatment of resistant bacterial infections.
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Introduction

Salmonella spp. is a highly prevalent foodborne pathogen that poses a serious threat to 
human and animal health, causing >10 million global infections each year (CDC, 2019). 
The World Health Organization (WHO) has defined Salmonella spp. as a “priority 
pathogen”(WHO, 2017). To date, >2,500 serotypes have been identified (Hendriksen et al., 
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2011). One of these, Salmonella Choleraesuis (S. Choleraesuis), is 
host adaptive, primarily infecting pigs, causing paratyphoid fever 
in piglets, and occasionally infecting and causing bacteremia in 
humans (Chiu et al., 2004; Yang et al., 2012). Human infection 
most often occurs through exposure to contaminated food or 
water (Mahon and Fields, 2016). S. Choleraesuis is a widely 
disseminated serotype (Chiu et al., 2004) and is the most common 
cause of nontyphoid Salmonella infection in Thailand (Luk-In 
et al., 2018). In Europe, the growing number of S. Choleraesuis 
infections among wild boars has attracted research attention 
(Longo et al., 2019; Papic et al., 2021; Ernholm et al., 2022). In 
humans, this pathogen has higher invasiveness and is thus a 
greater health threat than other serotypes (Cohen et al., 1987).

Antibiotics play a critical role in the treatment of bacterial 
infections. However, antimicrobial resistance caused by improper 
antibiotic use is becoming a serious threat (Bush et al., 2011), 
particularly with the emergence of multidrug-resistant strains 
(Hogberg et  al., 2010; Ciorba et  al., 2015). In addition to 
methicillin-resistant Staphylococcus aureus (MRSA; Otto, 2013), 
extended-spectrum β-Lactamase producing Enterobacteriaceae 
(ESBLs; Castanheira et  al., 2021), and vancomycin-resistant 
Enterococcus (VRE; Reyes et  al., 2016), multidrug-resistant 
Salmonella is also a serious health problem (Tyson et al., 2021). 
Specifically, multidrug-resistant S. Choleraesuis is becoming a 
crisis for both humans and animals (Chang et al., 2005; Gil Molino 
et  al., 2019). Resistant strains are non-responsive to all 
antimicrobial agents, including β-lactams, aminoglycosides, 
bolome reprogramming by metabsulfonamides (Molino et al., 
2020). Mcr-3.1 was also discovered in S. Choleraesuis, rendering 
colistin ineffective (Oransathid et al., 2022). Unfortunately, the 
development of more complex mechanisms of resistance and the 
high cost of creating new agents have hindered effective treatment 
(Breijyeh et al., 2020; Provenzani et al., 2020). Some studies predict 
that antimicrobial-resistant pathogens will be  attributed to 10 
million deaths worldwide by 2050 (Castro-Vargas et al., 2020). 
Thus, there is an urgent need to stop the emergence and spread of 
antibiotic resistance.

The metabolic state of bacteria affects their susceptibility to 
antibiotics (Stokes et  al., 2019). Bacterial cells embedded in 
biofilms are particularly tough to eliminate due to the 
impermeability of biofilms and the reduced metabolic status of the 
embedded cells (Yin et al., 2019). Persister cells are subpopulations 
of antibiotic-sensitive bacteria which escape antibiotic killing 
through metabolic repression (Fisher et al., 2017). In recent years, 
new strategies have been developed to explore the metabolic 
mechanisms of bacterial acquired resistance. Metabolomics is the 
large-scale evaluation of small molecules in cells or tissues which 
cannot be  studied using other methods, including genomics, 
transcriptomics, and proteomics (Castro-Santos et  al., 2015; 
Johnson et al., 2016). An important feature of metabolomics is 
that basic metabolic pathways and metabolites are similar between 
species, while genes, transcripts, and proteins are species specific 
(Kovac et al., 2013). Hence, metabolomics is a potential tool to 
explore the acquisition of antimicrobial resistance by bacteria 

(Kok et  al., 2022). A GC–MS-based metabolomics study on 
cefoperazone sulbactam (SCF)-resistant P. aeruginosa (PA-RSCF) 
found that the metabolic mechanism for resistance was the 
inhibition of central carbon metabolism (Chen et  al., 2022). 
Another metabolomics study on Escherichia coli carrying the 
mcr-1 gene found that mcr-1-mediated colistin resistance was 
associated with a disruption in glycerophospholipid metabolism 
and LPS biosynthesis as well as the accumulation of the substrate 
PEA (Li et  al., 2019). Mcr-1-mediated colistin-resistant Vibrio 
alginolyticus, however, showed reduced central carbon metabolism 
and membrane potential (Li et al., 2020). These differences may 
be  explained by interspecies differences. While the metabolic 
mechanism of antibiotic resistant Edwardsiella tarda and 
Campylobacter jejuni have also been studied (Cheng et al., 2017; 
Liu et al., 2019), there are few reports on the metabolic mechanism 
of antibiotic resistance in Salmonella spp.

Aminoglycosides, a class of antibiotics that act by inhibiting 
protein synthesis, are powerful weapons against multiple 
pathogens, including Salmonella (Poulikakos and Falagas, 2013). 
Unfortunately, several types of bacteria exhibit resistance to 
aminoglycosides through enzymatic modifications, efflux pump 
systems, and genetic mutations that threaten their sustainable 
utilization (Touati, 2019). Strategies are urgently needed to retain 
these drugs in the antibacterial arsenal (Bottger and Crich, 2020). 
Metabolome reprogramming by metabolites is an effective 
strategy against drug resistance (Peng et al., 2015a). For example, 
alanine, glucose, and fructose can promote kanamycin-mediated 
killing of Edwardsiella tarda. These metabolites induce NADH 
through the TCA cycle, which activates the proton motive force 
(PMF) and enables drug uptake (Peng et al., 2015b). A recent 
study also reported that glutamine promotes the function of 
antibiotics against multidrug-resistant bacteria (Zhao et al., 2021). 
This study analyzed the metabolic spectrum of clinically isolated 
multidrug-resistant and susceptible Escherichia coli and identified 
glutamine, which was inhibited by drug-resistant bacteria, as a 
biomarker. Exogenous glutamine promoted the β-lactams-, 
aminoglycosides-, quinolones- and tetracyclines-induced killing 
of multidrug-resistant uropathogenic bacteria and enhanced the 
activity of ampicillin against multidrug-resistant Klebsiella 
pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii, 
Edwardsiella tarda, Vibrio alginolyticus, and Vibrio 
parahaemolyticus. These results indicate that metabolome 
reprogramming may be  an effective weapon against drug 
resistance. The current study sought to investigate whether similar 
mechanisms can be  used to improve the activity of other 
aminoglycosides, including gentamicin, tobramycin, apramycin, 
and kanamycin, against antibiotic-resistant Salmonella spp.

UHPLC-Q-TOF MS was used to characterize the metabolic 
profile of gentamicin-susceptible and resistant S. Choleraesuis and 
explore the metabolic mechanisms of gentamicin resistance of 
SCH-R. Resistance was associated with a disruption in central 
carbon metabolism, along with dysregulated amino acid and 
nucleotide metabolism, vitamin and cofactor metabolism, and 
fatty acid synthesis. In addition, D-ribose, the most suppressed 
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metabolite in SCH-R, significantly increased the gentamicin-
mediated killing of both SCH-R and the wild strain and had a 
similar effect on multidrug-resistant Salmonella. These findings 
provide new perspectives and strategies for the study and 
resolution of Salmonella resistance mechanisms.

Materials and methods

Chemicals

All antibiotics were purchased from the China Institute of 
Veterinary Drug Control (Beijing, China). Mueller Hinton (MH) 
Agar, MH Broth, Tryptic Soy Agar (TSA), Luria-Bertani (LB) 
broth, MacConkey Agar, and Xylose Lysine Deoxycholate (XLD) 
Agar were purchased from Guangdong Huankai Microbial Sci & 
Tech. Co., Ltd. (Guangdong, China). Methanol and acetonitrile 
(high-performance liquid chromatography grade) were purchased 
from Thermo Fisher Scientific (Waltham, MA, United States). 
Ammonium ethoxide and formic acid (high-performance liquid 
chromatography grade) were purchased from Sigma Aldrich 
(Missouri, United States).

Bacterial strains and growth conditions

Standard strains of Escherichia coli (ATCC25922) and 
S. Choleraesuis (ATCC13312) were purchased from American 
Type Culture Collection (Manassas, VA, United  States). The 
clinical strains, SR-1 and SR-6 (S. Derby), SR-7 (S. Typhimurium), 
and SCH2021 (S. Choleraesuis) were isolated from swine farms in 
South China (Guangdong Province, China). These strains exhibit 
resistance to most clinical antimicrobials, including β-lactams, 
aminoglycosides, tetracyclines, and sulfonamides. The minimum 
inhibitory concentrations (MICs) of antimicrobials against 
different Salmonella strains were determined using the 
microdilution method (Li et  al., 2020). The standard 
S. Choleraesuis (ATCC13312) strain was sequentially propagated 
with or without drug and drug-resistant bacteria were selected. All 
bacterial cultures were grown in LB medium at 37°C.

Sample pretreatment

S. Choleraesuis (ATCC13312) was used for non-targeted 
metabolomics studies. Gentamicin-resistant (SCH-R), and 
susceptible (SCH-S) bacteria were cultured in LB broth to a late 
exponential phase. The bacterial suspension (5 ml) was centrifuged 
at 16,000 g for 10 min at −10°C and the precipitate was washed 
twice with PBS. The bacteria were collected and quickly quenched 
in liquid nitrogen to halt metabolism. Methanol/acetonitrile/water 
(1 ml, 2:2:1, V/V) was added, vortexed for 60 s, and extracted 
ultrasonically twice at a low temperature. The supernatant was 
placed at −20°C for 1 h to precipitate the proteins. The samples 

were centrifuged at 20,000 g at 4°C for 20 min, and the supernatant 
was collected, lyophilized, and stored at −80°C.

Non-targeted metabolomic analysis

UHPLC-Q-TOF MS was used to perform the non-targeted 
metabolomics analysis. Samples were separated on a HILIC 
column at 25°C with mobile phase A (water +25 mM ammonium 
acetate +25 mM ammonia) and mobile phase B (acetonitrile). The 
gradient elution procedure included: 0–1 min, 95% B; 1–14 min, 
95–65% B; 14–16 min, 65–40% B; 16–18 min, 40% B; 18–18.1 min, 
40–95% B; 18.1–23 min, 95% B. The flow rate was 0.3 ml/min with 
an injection volume of 2 μl. Electrospray ionization (ESI) was used 
to monitor the samples in positive and negative ion modes using 
the following parameters: Ion Source Gas 1 (Gas1) = 60, Ion 
Source Gas 2 (Gas 2) = 60, Curtain gas (CUR) = 30, source 
temperature = 600°C, IonSapary Voltage Floating (ISVF) = ± 
5,500 V; TOF MS scan m/z range = 60–1,000 Da, product ion scan 
m/z range = 25–1,000 Da, TOF MS scan accumulation 
time = 0.20 s/spectra, and product ion scan accumulation 
time = 0.05 s/spectra. The secondary mass spectrum was obtained 
by information-dependent acquisition (IDA) and used with a high 
sensitivity mode as follows: Declustering potential (DP) = ± 60 V 
(positive and negative modes), collaboration energy = 35 ± 15 
EV. IDA was set to exclude isotopes within 4 Da and monitor six 
candidate ions per cycle. Quality control (QC) samples were 
inserted into the sample queue to monitor and evaluate the 
stability of the system and ensure data reliability.

Data processing and statistical analysis

Mass spectrometry data were processed using Software 
Analyst 1.6. The total ion and MRM multi-peak diagrams of the 
samples were obtained. The mass spectrum peaks detected by each 
metabolite in different samples were corrected based on the 
retention time and peak metabolite types. Principal component 
analysis (PCA), partial least squares discrimination analysis (PLS-
DA), orthogonal partial least squares analysis (OPLS-DA), 
multivariate analysis, and the Student’s t-test were used to 
investigate intra- and inter-group differences between the samples 
and to identify differential metabolites. Using OPLS-DA analysis, 
differences between groups were preliminarily screened using a 
Variable Importance in Projection (VIP) score > 1. Univariate 
statistical analysis was used to verify whether the differential 
metabolites were significant. Those with multidimensional 
statistical analysis VIP scores >1 and a univariate statistical 
analysis p value of <0.05 were selected as significantly different. 
The structure of each metabolite was identified using accurate 
mass number matching (<25 ppm) and secondary spectrum 
matching. To comprehensively display the relationship between 
samples and the differences in the expression patterns of 
metabolites in different samples, we  perform hierarchical 
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clustering on each group of samples to help us accurately screen 
marker metabolites. Finally, KEGG pathway analysis and pathway 
enrichment of differential metabolites were carried out to identify 
those metabolic pathways with the most significant changes.

Antibiotic bactericidal assays

The antibacterial assay was carried out as described 
previously (Allison et al., 2011). In brief, bacterial cells were 
cultured in LB broth to the late exponential phase. After 
centrifugation at 10,000 g for 5 min, the cells were washed twice 
with sterile PBS buffer and resuspended to 1 × 106 cfu/ml in M9 
minimal media. D-ribose and antibiotics were added, and the 
culture was incubated at 37°C for 6 h. In all CCCP experiments, 
the cells were preincubated with 20 μM CCCP for 5 min before 
adding metabolites or antibiotics. The remaining inhibitors, 
bromopyruvate, malonate, and rotenone, were added at the 
same time as the metabolites or antibiotics. After incubation, 
100 μl of the culture was removed, serially diluted, and plated 
(20 μl aliquots) onto LB agar plates. The agar plates were 
incubated at 37°C for 10–16 h and those with 10–100 colonies 
were enumerated to determine the number of colony-forming 
units (cfu). Percent survival was determined by the ratio of cfu 
obtained from the test and control samples.

Measurement of NADH and NADH 
dehydrogenase 1 (ND1)

NADH production was determined using a NAD+/NADH 
assay kit (BioAssay Systems, Hayward, CA, United States; Peng 
et al., 2015b). In brief, bacterial cells were grown to the exponential 
phase (6 h) in broth, and 1 ml of the culture was collected and 
centrifuged at 13,000 g for 5 min. The supernatant was discarded, 
and the pellet was washed three times with PBS. NADH extraction 
buffer (100 μl) was added, the extract was heated at 60°C for 5 min, 
then 20 μl assay buffer and 100 μl NAD+ extraction buffer were 
added to neutralize the extract. After centrifugation, NADH was 
measured in the supernatant according to the manufacturer’s 
instructions. NADH dehydrogenase 1 was assessed using a 
Microorganism ND1 ELISA kit (Jiangsu MEIMIAN Industrial 
Co., Ltd., Yancheng China). The exponential phase culture (1 ml) 
was centrifuged and washed, and the cells were resuspended in 
1 ml of PBS. The cells were then disrupted by sonication to obtain 
a supernatant. ND1 was detected according to the 
manufacturer’s instructions.

Measurement of membrane potential

The membrane potential was examined using a BacLight 
Bacterial Membrane Potential Kit (Life Technologies, Carlsbad, 
CA, United Statessss) as previously described (Yong et al., 2021).

Measurement of intracellular gentamicin

Measurement of intracellular gentamicin was determined as 
previously described (Yong et al., 2021). In brief, bacterial cells 
were cultured in LB broth until the late exponential phase. After 
centrifugation, the precipitates were collected and resuspended in 
10 ml of M9 minimal media to 1 × 106 cfu/ml with or without 
antibiotics and D-ribose. The reaction samples were incubated at 
37°C for 6 h, and the precipitates were harvested by centrifugation, 
washed twice with PBS, and resuspended in 1 ml of PBS. The 
solution was sonicated for 10 min and the insoluble substances 
were removed by centrifugation. Gentamicin was quantified in the 
supernatant using a Gentamicin ELISA kit (Shanghai Enzyme-
linked Biotechnology Co., Ltd., Shanghai, China).

Quantitative RT-PCR analysis

Bacterial cells were harvested in the exponential phase. 
The total RNA was extracted according to the manufacturer’s 
instructions using an RNAiso Plus kit (Takara Japan). Reverse 
transcription-PCR was performed using a Hifair® II 1st Strand 
cDNA Synthesis Kit (Yeasen, Shanghai China) with 1.5 μg of 
total RNA according to the manufacturer’s instructions. 
QRT-PCR was performed with a total volume of 10 μl liquid 
including 5 μl 1x SYBR Green Master Mix (Yeasen, Shanghai 
China), 1 μl PCR-grade water, 2 μl cDNA template, and 1 μl 
of each primer pair (0.2 μM) using a real-time PCR system 
(BIO-RAD). The specific primers are listed in the 
Supplementary material (Supplementary Table 1). The cycling 
parameters were as follows: pre-denaturation at 95°C for 300 s, 
40 cycles of 95°C for 10 s, and 60°C for 30 s. The melting curve 
was obtained from 60–95°C with a calefactive velocity of 
0.05°C/s. Differences in gene expression were compared 
between the experimental and control groups and 16S rRNA 
was used as the internal reference. The biological repeats were 
carried out in triplicate.

Results

Metabolic profile of SCH-R

Gentamicin-susceptible S. Choleraesuis (ATCC13312, SCH-S) 
was continuously cultured in LB broth with or without gentamicin 
to obtain gentamicin-resistant Salmonella (SCH-R), and 
microdilution method was used to detect the MIC of different 
antimicrobials against SCH-R and clinical isolates (Table 1). A 
non-targeted metabolomics profile of SCH-S and SCH-R was then 
determined using UHPLC-Q-TOF MS with eight biological 
replicates per group. Unsupervised PCA was performed on the ion 
peaks extracted from each group of samples to obtain the overall 
difference profile between the groups (Figures 1A,B). To better 
reflect the differences between samples, OPLS-DA analysis was 
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performed, and the VIP score was used to help identify differential 
metabolites. Univariate analysis was also conducted to ensure the 
reliability of differential metabolites, and those with a VIP score > 1 
and a value of p <0.05 were considered significant. A total of 114 
differential metabolites were identified in the SCH-S and SCH-R 
strains in the positive and negative ion modes after the same 
species were removed, of which 59 were up-regulated and 55 were 
down-regulated (Supplementary Table 2). The four most abundant 
of the 114 metabolites were nucleic acids (22%), organic acids 
(15.8%), carbohydrates (7%), and fatty acyls (7%) (Figure 1C). 
Hierarchical clustering of differential metabolites was used to show 
the relationship between samples and help to accurately identify 
biomarkers with significant significance (Figures  1D,E). These 
results indicated that the metabolic state of SCH-R was disrupted.

Enriched pathways in SCH-R

To assess the metabolic changes of the drug-resistant bacteria, 
alterations in metabolite abundance were analyzed using KEGG 
(https://www.genome.jp/kegg). As shown in Figure  2A, 23 
pathways were enriched (Supplementary Table  3). The most 
impacted pathway was oxidative phosphorylation, a series of 
chemical reactions occurring in the electron transport chain 
(ETC) (Bald et al., 2017). PMF generated by ETC is shown to 
promote the internalization of aminoglycosides (Taber et  al., 
1987). Thus, we speculated that the PMF of SCH-R was suppressed 
as a result of disturbed oxidative phosphorylation, ultimately 
mediating the resistance of SCH-R to gentamicin. The increased 
abundance of NAD+ in SCH-R cells was also suggestive of PMF 
suppression (Figure  2B). Key metabolites associated with 
riboflavin metabolism, alanine, aspartate and glutamate 
metabolism, arginine biosynthesis, glycolysis/gluconeogenesis, 
and pentose phosphate pathway were down-regulated, while those 

associated with pantothenate and CoA biosynthesis and valine, 
leucine, and isoleucine biosynthesis were up-regulated 
(Figure 2B). Of these, the glycolysis/gluconeogenesis and pentose 
phosphate pathway are involved in central carbon metabolism, 
which converts nutrients into biomass and energy (Ryan et al., 
2021). The central carbon metabolism provided protons through 
NADH reduction to maintain PMF. Thus, we  reasoned that a 
disturbed central carbon metabolism in SCH-R affected oxidative 
phosphorylation and thereby suppressed PMF. Additionally. 
amino acid metabolism fuels central carbon metabolism, which 
benefits riboflavin metabolism, fatty acid synthesis, and other 
pathways. These findings suggested that the global metabolism of 
SCH-R was altered and that disrupted central carbon metabolism 
may play a key role in mediating SCH-R resistance.

Perturbed central carbon metabolism is 
associated with lower PMF in SCH-R

To verify whether disturbed central carbon metabolism leads 
to lower PMF via reduced NADH and thus mediates drug 
resistance, we  began by assessing the PMF of SCH-S and 
SCH-R. Indeed, SCH-R had lower PMF than SCH-S (Figure 3A). 
NADH, the basis for maintaining PMF, and the activity of NADH 
dehydrogenase 1 (ND1), were also significantly lower in SCR-R 
than in SCH-S (Figures 3B,C). These findings suggest that the 
ETC of SCH-R is severely altered, which leads to lower PMF. To 
verify whether central carbon metabolism is disrupted, genes 
involved in glycolysis, PPP, and TCA cycles were assessed by 
qRT-PCR. As expected, nearly all genes associated with central 
carbon metabolism were downregulated in SCH-R (Figures 3D,E). 
These findings suggested that disrupted central carbon metabolism 
reduced the PMF of SCH-R, potentially accounting for the 
gentamicin resistance of these bacteria.

TABLE 1 MIC value of different antimicrobials against Salmonella (μg/mL).

ATCC13312S 
(SCH-S)

ATCC13312R 
(SCH-R)

SCH2021 SR-1 SR-6 SR-7

Gentamicin 0.25 16 16 32 16 32

Tobramycin 0.25 0.25 64 32 32 32

Apramycin 2 2 64 128 256 256

Kanamycin 2 2 256 512 512 512

Spectinomycin 8 8 256 512 512 512

Ampicillin 2 2 32 128 32 32

Amoxicillin/Clavulanic acid 1 1 32 32 32 16

Ceftiofur 0.5 0.5 2 1 0.5 0.5

Ofloxacin 0.03 0.03 4 8 4 8

Enrofloxacin 0.03 0.03 4 4 4 4

Tetracycline 1 1 32 32 16 16

Colistin 0.5 0.5 1 1 1 1

Sulfaisoxazole 4 4 512 512 512 512

Sulfamethoxazole/

Trimethoprim

0.5 0.5 32 32 32 32
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D-ribose induces gentamicin against 
drug-resistant Salmonella

Exogenous supplementation to reprogram the metabolome by 
repressed metabolites can alter the sensitivity of resistant strains 
(Peng et al., 2015b). Our previous study confirmed that citrulline and 
glutamine promoted apramycin-mediated killing (Yong et al., 2021). 
The current study confirmed that exogenous D-ribose, which was 

suppressed in SCH-R, enhanced gentamicin-mediated killing in 
both SCH-R and SCH2021. SCH2021 is a wild S. Choleraesuis 
which confers resistance to gentamicin, tobramycin, apramycin, 
kanamycin etc. The two gentamicin-resistant strains were 
co-incubated with or without D-ribose plus gentamicin. In the 
presence of gentamicin, cell survival declined with increasing doses 
of D-ribose (Figure  4A). Specifically, in the presence of 1 MIC 
gentamicin, when 0, 6, 12, 24, or 48 mM D-ribose was added, the cell 

A

D E

B C

FIGURE 1

Analysis of the SCH-R metabolic profile. (A) PCA score of gentamicin-resistant and sensitive Salmonella in positive ESI modes. (B) PCA score of 
gentamicin-resistant and sensitive Salmonella in negative ESI modes. (C) Abundance of different categories of metabolites in SCH-R. (D) Cluster 
analysis of different metabolites in positive ESI modes. (E) Cluster analysis of different metabolites in negative ESI modes. “B” represents 
gentamicin-induced resistant Salmonella ATCC13312, “S” represents gentamicin-sensitive Salmonella ATCC13312.
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FIGURE 2

Enriched pathways in SCH-R. (A) Pathway enrichment of metabolites in SCH-R and SCH-S. (B) Differential expression of metabolites from 
important metabolic pathways. Red color indicates increased metabolite levels; Blue color indicates decreased metabolite levels.
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survival percentages of SCH-R were 93.46, 88.93, 51.74, 4.69, and 
0.56, respectively. Similarly, the cell survival percentages of 
SCH20221 were 91.50, 89.28, 78.20, 1.41, and 0.071, respectively 
(Figure 4B). Furthermore, Furthermore, cell survival was gentamicin 
dose-dependent (Figure  4C; Supplementary Figures S1A–F). 
D-ribose was also shown to enhance gentamicin-, tobramycin-, and 
apramycin-mediated killing of multidrug-resistant S. Choleraesuis, 
S. Typhimurium and S. Derby (Figures  4D–G). These results 
demonstrated that D-ribose can increase gentamicin-, tobramycin-, 
and apramycin-mediated killing in drug-resistant Salmonella, 
including multidrug-resistant strains.

Exogenous D-ribose increases 
PMF-induced uptake of gentamicin

Glucose increases the PMF of E. coli and stimulates the uptake 
of aminoglycosides and induces cell deaths (Allison et al., 2011). 
To test whether D-ribose can also enhance the PMF of Salmonella, 
cells were cultured in M9 minimal media with or without D-ribose 
for 6 h and the PMF was assessed using the BacLight bacterial 
membrane potential Kit. The PMF of SCH-R was increased by 
8.62, 11.54, and 14.92% in the presence of 12, 24, and 48 mM 
D-ribose, respectively (Figure 5A). Similar results were observed 

A B C

D

E

FIGURE 3

SCH-R resistance is mediated by disrupted central carbon metabolism. (A) Variation of the PMF in SCH-R and SCH-S. (B) NADH concentration in 
SCH-R and SCH-S. (C) Activity of NADH dehydrogenase 1 in SCH-R and SCH-S. (D,E) QRT-PCR for the expression of key genes in central carbon 
metabolism. pckA, phosphoenolpyruvate carboxykinase; mdh, malate dehydrogenase; gltA, citrate synthase; acnB, aconitate hydratase 2; icdA, 
isocitrate dehydrogenase; sucA, 2-oxoglutarate dehydrogenase E1 component; sucC, succinyl-CoA synthetase beta subunit; sdhA, succinate 
dehydrogenase; sdhC, succinate dehydrogenase; fumA, fumarate hydratase, class I; fumC, fumarate hydratase, class II; lpd, dihydrolipoyl 
dehydrogenase; aceE, pyruvate dehydrogenase E1 component; aceF, pyruvate dehydrogenase E2 component; frdC, fumarate reductase subunit 
C; frdB, fumarate reductase iron–sulfur subunit; frdA, fumarate reductase flavoprotein subunit; zwf, glucose-6-phosphate dehydrogenase; rpe, 
ribulose-phosphate 3-epimerase; gnd, 6-phosphogluconate dehydrogenase; deoB, phosphopentomutase; talB, transaldolase; rbsK, ribokinase; 
prsA, ribose-phosphate pyrophosphokinase; rpiA, ribose 5-phosphate isomerase A; glpX, fructose-1,6-bisphosphatase II; fbp, fructose-1,6-
bisphosphatase I; eno, phosphopyruvate hydratase; pgi, glucose-6-phosphate isomerase; pykF, pyruvate kinase; pykA, pyruvate kinase; gapA, 
glyceraldehyde 3-phosphate dehydrogenase. Results are displayed as the mean ± SEM and three biological repeats are carried out. Significant 
differences are identified (*p < 0.05 and **p < 0.01).
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using the clinical MDR Salmonella SR-7 strain (Figure 5B). To 
further verify whether elevated PMF can promote drug uptake, an 
ELISA kit was used to detect the intracellular concentration of 
gentamicin in the presence of 24 mM D-ribose. The intracellular 
concentration of gentamicin in SCH-R and clinical Salmonella cells 
increased significantly in the presence of D-ribose (Figure 5C). To 
verify whether the gentamicin potentiation by D-ribose was result 
of higher PMF-induced drug uptake and subsequent cell death, 
PMF was inhibited using the proton ionophore, carbonyl cyanide 
chlorophenyl hydrazone (CCCP). As expected, CCCP significantly 
inhibited PMF expression in both the presence and absence of 
D-ribose (Figures 5A,B), while the intracellular concentration and 
potentiating effect of gentamicin were declined (Figures 5D,E). 
These results demonstrated that increased drug uptake induced by 
D-ribose was responsible for gentamicin killing.

D-ribose activates the ETC

To demonstrate that D-ribose increased PMF by activating 
ETC. First, the intracellular NADH concentration and NADH 
dehydrogenase 1 activity of SCH-R were detected. The result 
showed that both NADH concentration and NADH 
dehydrogenase 1 activity of SCH-R were elevated by D-ribose in 
a dose-dependent manner (Figures 6A,B). In addition, rotenone, 
an ETC inhibitor, abolished D-ribose mediated synergy 
(Figure 6C). Similar results were obtained using SCH2021 and 
clinical MDR Salmonella (Figures 6A–C). Finally, the expression 
of ETC-related genes in SCH-R upregulated significantly after 
adding D-ribose (Figure 6D). These data suggested that D-ribose 
enhanced PMF by stimulating ETC, and then increased drug 
uptake, induced cell death ultimately.

A B C

D
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E F

FIGURE 4

Effect of exogenous D-ribose on SCH-R and clinical isolates of drug-resistant Salmonella. (A) Percent survival of SCH-R in the presence of 1 MIC 
gentamicin by D-ribose dose. (B) Percent survival of SCH2021 in the presence of 1 MIC gentamicin by D-ribose dose. (C) Percent survival of 
SCH-R in the presence of 24 mM D-ribose by gentamicin dose. (D–G) Percent survival of clinical isolates SCH2021 (D), SR-1 (E), SR-6 (F), and SR-7 
(G) in the presence of different aminoglycosides (1MIC) by D-ribose dose. Results are displayed as the mean ± SEM and three biological repeats are 
carried out. Significant differences are identified (*p < 0.05 and **p < 0.01).
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Activated central carbon metabolism 
drives aminoglycoside-mediated killing

We assumed that D-ribose activated central carbon 
metabolism to promote ETC polarization. First, two TCA cycle 
inhibitors, bromopyruvate and malonate, were used to verify this. 
Specifically, bromopyruvate inhibits the E1 subunit of pyruvate 
dehydrogenase, malonate competitively inhibits succinate 
dehydrogenase. Cell survival increased as bromopyruvate and 
malonate concentrations rose (Figures 7A,B). In addition, lower 
PMF and NADH levels were detected after adding bromopyruvate 
or malonate (Figures 7C–F). These findings indicated that TCA 
inhibition eliminated the D-ribose-mediated potential. 
Furthermore, most genes involved in central carbon metabolism 
were upregulated by D-ribose (Figure 7G). This indicated that 
D-ribose was involved in stimulating the central carbon 
metabolism of drug-resistant bacteria, producing more NADH, 
polarizing ETC, increasing PMF, and promoting drug uptake and 
cell death (Figure 8).

Discussion

This study characterized the intracellular metabolic profile of 
gentamicin-sensitive S. Choleraesuis, SCH-S, and the homologous 
gentamicin-resistant strain, SCH-R. A total of 114 metabolites, 

including amino acids, carbohydrates, nucleotides, and their 
derivatives, in SCH-R changed significantly relative to SCH-S. The 
pathway enrichment results of this study are similar to those of 
Peng et al., who used GC–MS to compare the metabolic profiles 
of kanamycin-sensitive and drug-resistant Edwardsiella tarda 
(Peng et al., 2015b). It is important to note that drug-resistant 
S. Choleraesuis showed broader metabolic fluctuations and 
enrichment of more metabolic pathways. This may be related to 
differences between the bacterial species or because more 
metabolites were identified in the current study.

Results indicated that oxidative phosphorylation was the most 
impacted pathway. While ATP and ADP levels were diminished, 
nicotinamide adenine dinucleotide (NAD+) production was 
increased. Oxidative phosphorylation, the pathway by which 
bacteria produce ATP, involves a series of chemical reactions in 
the ETC, and an activated ETC is necessary for PMF (Gao et al., 
2019). Importantly, PMF is essential for aminoglycoside 
internalization (Taber et  al., 1987). In SCH-R, the reduced 
production of ATP and ADP and increased production of NAD+, 
indicated that the PMF of SCH-R was affected, a finding 
confirmed by later experiments (Figure  3B). Carbohydrate 
metabolism, which involves glycolysis/gluconeogenesis, the 
pentose phosphate pathway, fructose and mannose metabolism, 
and pentose and gluconate interconversion, was also seriously 
disrupted in SCH-R. All PPP metabolites were down-regulated, of 
which D-ribose, was the most inhibited. Central carbon 
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FIGURE 5

Effect of exogenous D-ribose on membrane potential. (A) Variation of PMF in SCH-R by D-ribose dose with or without CCCP. (B) Variation of PMF 
in SR-7 by D-ribose dose with or without CCCP. (C) Intracellular concentration of gentamicin in SCH-R and clinical isolates in the presence of 
24 mM D-ribose. (D) Intracellular concentration of gentamicin in SCH-R and clinical isolates in the presence of 24 mM D-ribose with or without 
CCCP. GEN, gentamicin. (E) Percent survival of SCH-R and clinical isolates in the presence or absence of CCCP and 1 MIC gentamicin plus 24 mM 
D-ribose. GEN, gentamicin. Results are displayed as the mean ± SEM and three biological repeats are carried out. Significant differences are 
identified (*p < 0.05 and **p < 0.01).
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FIGURE 6

Effect of exogenous D-ribose on the electron transport chain. (A) The intracellular NADH concentration of SCH-R and clinical isolates by D-ribose 
dose. (B) Activity of NADH dehydrogenase 1 in SCH-R and clinical isolates by D-ribose dose. (C) Percent survival of SCH-R and clinical isolates by 
rotenone dose and 1 MIC gentamicin plus 24 mM D-ribose. (D) QRT-PCR of key electron transport chain genes in the presence 24 mM D-ribose. 
nuoI, NADH dehydrogenase I chain I; ndh, NADH:quinone reductase; cyoB, cytochrome o ubiquinol oxidase subunit I; cydA, cytochrome BD2 
subunit I; atpA, atpD, atpG, atpH and atpC, membrane-bound ATP synthase, F1 sector, alpha-subunit, beta-subunit, gamma-subunit, delta-
subunit, and epsilon-subunit. Results are displayed as the mean ± SEM and three biological repeats are carried out. Significant differences are 
identified (*p < 0.05 and **p < 0.01).
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metabolism, involving glycolysis, the pentose phosphate pathway, 
and the TCA cycle, is the core component of cell metabolism, 
responsible for converting nutrients into biomass to maintain life 
(Baughn and Rhee, 2014; Barbier et al., 2018; Dolan et al., 2020). 
Disrupted central carbon metabolism and energy metabolism 
result in drug inactivation in bacterial cells (Chen et al., 2022). 
While the TCA cycle was not affected in SCH-R, the fluctuation 
of amino acid metabolism and other metabolic pathways, as well 
as the qPCR results, suggested that the TCA cycle was disrupted. 
These results suggest that bacteria may require central carbon 
metabolism and energy metabolism to acquire resistance.

A recent study confirmed that activated purine metabolism 
could restore the sensitivity of multidrug-resistant bacteria to 
antibiotics. This may be due to increased purine metabolism, which 
activates the CpxA/CpxR two-component system, promotes OmpF 
expression, and induces drug uptake (Zhao et  al., 2021). 

Coincidentally，both purine and pyrimidine metabolism were 
seriously impacted in SCH-R and the pentose phosphate pathway 
and alanine, aspartate, and glutamate metabolism were shown to 
directly affect purine metabolism through 5-phosphoribosyl 
diphosphate and 5-phosphoribosylamine, respectively. Furthermore, 
it is worth noting that nutrients can also contribute to riboflavin 
metabolism through the pentose phosphate pathway, leading to ROS 
production, a cause of bacterial death induced by bactericidal 
antibiotics (Kohanski et al., 2007; Chen et al., 2022). Whether purine 
and pyrimidine metabolism are involved in the inactivation of 
gentamicin, and whether there is a certain co-action between them 
and central carbon metabolism mediating the resistance of SCH-R 
to gentamicin remains to be further studied. Meanwhile, disrupted 
central carbon metabolism and increased fatty acid synthesis 
mediate ceftazidime and ciprofloxacin resistance jointly (Liu et al., 
2019; Su et al., 2021). While fatty acid synthesis was not enriched in 
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FIGURE 7

Effect of exogenous D-ribose on central carbon metabolism. (A,B) Percent survival of SCH-R and clinical isolates by (A) bromopyruvate and 
(B) malonate dose and 1 MIC gentamicin plus 24 mM D-ribose. (C,D) PMF of SCH-R and clinical isolates by (C) bromopyruvate and (D) malonate 
dose with 24 mM D-ribose. (E,F) Intracellular NADH concentration of SCH-R and clinical isolates by (E) bromopyruvate and (F) malonate dose with 
24 mM D-ribose. (G,H) QRT-PCR for expression of key central carbon metabolism genes in the presence of 24 mM D-ribose. Results are displayed 
as the mean ± SEM and three biological repeats are carried out. Significant differences are identified (*p < 0.05 and **p < 0.01).
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SCH-R, glycerolipid and glycerophospholipid metabolism indirectly 
reflect the impact on fatty acid synthesis. These results suggested that 
SCH-R acquires gentamicin resistance through a universal metabolic 
shift, including upstream amino acid metabolism, central carbon 
metabolism at the core, and downstream metabolism including 
nucleotide metabolism and fatty acid synthesis. Thus, it is evident 
that fluctuations in central carbon metabolism, accompanied by 
changes in other metabolic pathways, are critical for 
drug inactivation.

Antibiotic efficacy is enhanced by altering the metabolic state 
of bacteria (Allison et  al., 2011). Importantly, repressing 
metabolites through exogenous supplementation can alter the 
sensitivity of resistant strains (Peng et al., 2015a). Such a strategy 
was first implemented in resistant Escherichia coli and 
Staphylococcus aureus (Allison et al., 2011). This study found that 
glucose, fructose, and mannitol can promote glycolysis, stimulate 
the ETC, induce PMF, promote gentamicin uptake, and eliminate 
E. coli persister cells and Staphylococcus aureus biofilm. 
Metabolite-dependent aminoglycoside potentiation has also been 
applied to aminoglycoside-resistant bacteria, such as Edwardsiella 
tarda (Su et al., 2015), Vibrio alginolyticus (Li et al., 2020), and 
Pseudomonas aeruginosa (Meylan et  al., 2017). Thus, it was 
probable that metabolome-reprogramming could also enhance 
the effect of antibiotics against SCH-R and other drug-resistant 
Salmonella. Indeed, D-ribose was shown to significantly enhance 

the gentamicin-mediated killing of both SCH-R and multidrug-
resistant S. Choleraesuis, S. Derby, and S. Typhimurium. Allison 
et al. (2011) found that metabolites enter metabolism through 
glycolysis rather than the pentose phosphate pathway, inducing 
rapid gentamicin killing of persisters. However, D-ribose, which 
enters metabolism via the pentose phosphate pathway, also 
promotes the gentamicin-mediated killing of drug-resistance 
Salmonella. Notably, glucose, fructose, and mannitol failed to 
increase the effect of aminoglycosides against SCH-R and 
multidrug-resistant Salmonella (data not shown), but are shown 
to enhance the impact of aminoglycosides on Escherichia coli, 
Staphylococcus aureus, Pseudomonas aeruginosa, and Edwardsiella 
tarda (Peng et  al., 2015b). This finding suggests that the 
strengthening effect of D-ribose may target drug-resistant bacteria 
rather than persisters.

The current study demonstrated that D-ribose significantly 
increased the gentamicin-, tobramycin-, and apramycin-mediated 
killing of S. Choleraesuis, S. Derby, and S. Typhimurium 
(Figures  4A–G). D-ribose does not have the same impact on 
kanamycin and spectinomycin (Supplementary Figures S2A,B), 
however, which may be explained by the higher MIC of these 
drugs in the wild strains (Table 1). Alternatively, this mechanism 
of metabolite-mediated killing may be  used by bactericidal 
antibiotics but not bacteriostatic drugs (Allison et  al., 2011; 
Peng et  al., 2015b; Meylan et  al., 2017). Whether there are 

FIGURE 8

Mechanism of exogenous D-ribose promotes gentamicin treatment of drug-resistant Salmonella. D-ribulose 5P, D-ribulose 5-phosphate; 
D-fructose 6P, D-fructose 6-phosphate; D-gluconate-6P, 6-phospho-D-gluconate; Glyceraldehyde 3P, Glyceraldehyde 3-phosphate; Glyceroyl-
1,3P2, 3-phospho-D-glyceroyl phosphate; PEP, Phosphoenolpyruvate.
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additional factors that prevent D-ribose from impacting 
kanamycin and spectinomycin requires further investigation. 
Interestingly, in the presence of 1 MIC gentamicin and 24 mM 
D-ribose, the percent survival of SCH-R was significantly higher 
than the clinical isolates (Supplementary Figure S3A). As 
illustrated by Su et  al. (2015), this may be  attributable to the 
weaker growth capacity of SCH-R than the clinical isolates and 
SCH-S after 6 h (Supplementary Figures S3B,C). Additional 
studies are needed to determine whether this is common among 
lab and clinical strains or whether it occurs sporadically.

Increased central carbon metabolism, especially the TCA 
cycle, is the core of metabolome reprogramming. Our previous 
work confirmed that citrulline and glutamine enhanced the 
apramycin-mediated killing of Salmonella via the TCA cycle 
(Yong et al., 2021). In the current study, D-ribose significantly 
increased central carbon metabolism. D-ribose promoted the 
uptake of drugs by drug-resistant bacteria, which is attributed to 
the elevated PMF maintained by the ETC. Importantly, CCCP and 
rotenone significantly increased cell survival. Exogenous D-ribose 
also stimulated NADH and NADH dehydrogenase and promoted 
central carbon metabolism, an important source of NADH. These 
findings suggested that D-ribose-induced central carbon 
metabolism is critical for gentamicin potentiation. While D-ribose 
indirectly affects other metabolic pathways, such as purine 
metabolism and riboflavin metabolism, the effect of D-ribose on 
these pathways requires further exploration.

In summary, we utilized a metabolomics approach to explore the 
metabolic mechanism of gentamicin resistance in S. Choleraesuis. 
Disturbed central carbon metabolism, accompanied by fluctuations 
in metabolic pathways such as amino acid, nucleotide, vitamin, and 
cofactor metabolism, were identified as characteristics of gentamicin-
resistant S. Choleraesuis. In addition, D-ribose, which can promote 
the effect of gentamicin on multidrug-resistant Salmonella, was 
identified as a potential new antibiotic adjuvant. We confirmed that 
D-ribose promoted the central carbon metabolism of drug-resistant 
bacteria, increasing glycolysis, the pentose phosphate pathway and 
TCA cycle, NADH production, ETC activation, PMF, and 
subsequent drug uptake and cell death. This study characterizes the 
metabolic mechanism of gentamicin-resistant Salmonella and 
provides evidence that D-ribose can serve as a potential adjuvant to 
enhance the efficacy of aminoglycosides.
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