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Abstract 20 

Staphylococcus aureus is a notorious bacterial pathogen that often causes soft tissue 21 

and bloodstream infections and invariably garners resistance mechanisms against new 22 

antibiotics. Host innate immunity modulated by metabolites has been proved as a 23 

powerful strategy against bacterial infections. However, few studies focus on the 24 

application of this strategy against S. aureus infection. Here, we identified four metabolite 25 

biomarkers, L-proline, L-isoleucine, L-leucine, and L-valine (PILV), by a metabolomics 26 

study. In animal models of S. aureus bloodstream infection, exogenous administration of 27 

each metabolite or PILV shows an anti-infective effect, while PILV treatment has higher 28 

protection than individual metabolite treatment. Each metabolite targets nitric oxide (NO) 29 

to kill S. aureus via arginase inhibition, and PILV exhibits additive inhibition of arginase 30 

activity that causes further killing. This suppression also contributes to the 31 

metabolite-mediated phagocytic killing of S. aureus in human blood. Our finding 32 

demonstrates the metabolite-mediated innate immunity as a therapeutic intervention for 33 

S. aureus infection. 34 

 35 

Keywords: metabolite, Staphylococcus aureus, bloodstream infection, nitric oxide, 36 

arginase,  37 

  38 
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The pathogen Staphylococcus aureus is both a human commensal and a significant 39 

cause of hospital- and community-acquired diseases including soft tissue infections, 40 

pneumonia, osteomyelitis, septic arthritis, bacteremia, endocarditis, and sepsis (1-3). The 41 

asymptomatic colonization is common; however, 80% invasive S. aureus strains isolated 42 

from the blood of patients with S. aureus bacteremia are genetically indistinguishable to 43 

the nasal strains detected at admission (4). Because of the high incidence of 44 

hospital-acquired infection, antibiotics are employed both for S. aureus decolonization 45 

and prophylaxis of nosocomial disease (5, 6). However, the emergence and spread of 46 

drug-resistant strains, designated MRSA (methicillin-resistant S. aureus), led to 47 

increased therapeutic failure and mortality rates due to S. aureus infections (6). Therefore, 48 

new approaches are especially needed for treating such infections in the clinic. One 49 

possible approach would be to enhance the innate immune response of the infected host, 50 

restoring the defense ability to kill the bacterial pathogen in a relatively risk-free manner 51 

(7). 52 

 53 

Similar to other bacterial infections (8, 9), S. aureus infection causes several metabolisms 54 

changed pronouncedly in the host, which contain oxidative phosphorylation, aerobic 55 

glycolysis, and amino acid and fatty acid metabolisms (10-14). A growing body of recent 56 

studies shows that bacterial infection-induced shift of metabolisms has two leading roles, 57 

which either facilitate the bacterial invasion or benefits to the immune responses against 58 

bacterial infection. Host central carbon metabolism is capable of being strongly disturbed 59 

by S. aureus, which activates autophagy by increasing the phosphorylation of 60 

AMP-activated protein kinase and extracellular signal-regulated kinase, thereby meeting 61 

the staphylococcal invasion (15). Furthermore, the internalization of S. aureus employs 62 

two own pathways to destroy the host arginine metabolism, limiting the production of 63 
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nitric oxide (NO), which serves in the host’s antibacterial defense, and eventually 64 

inducing death of the host cell (16, 17). On the other hand, studies focusing on the 65 

cross-talking between metabolic regulation and immune system reveal an active role of 66 

metabolic regulation in controlling the pathogenic bacteria. In several bacterial infection 67 

models, the host that survive the infection display distinctive metabolic pathways (18-23). 68 

Numerous metabolites identified from these metabolic pathways related to the survivors 69 

can be immunoregulators that modulate the function of the immune system via various 70 

mechanisms, including the activation of PI3K/Akt1, elevated expression of cytokines, and 71 

promotion of NO production (18-23). However, few studies are operated to investigate 72 

whether the modulation of host innate immunity by metabolites is a valuable strategy 73 

against staphylococcal infection.  74 

 75 

Here, we used a gas chromatography-mass spectrometry (GC-MS) to identify 76 

metabolites from BALB/c mice infected by three increasing sublethal doses of S. aureus 77 

strain Newman. The results suggest that four metabolites (L-proline, L-isoleucine, 78 

L-leucine, and L-valine) target the NO production to kill S. aureus, which may aid in the 79 

development of therapeutic interventions that can improve the outcome of MRSA 80 

infection.   81 

 82 

Results 83 

GC-MS-based metabolomics identifies host metabolites relating to S. aureus 84 

infection 85 

To exploit anti-infection metabolites from the host, metabolic profiling with different 86 

degrees of anti-infection should be established. We hypothesized that different sublethal 87 
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infection doses would induce different degrees of anti-infection in the host. Therefore, 88 

BALB/c mice were intravenously challenged with Low, moderate, or high sublethal dose 89 

of S. aureus Newman or with PBS. 12 h later, plasma samples were separated from 90 

these challenged mice, and the GC-MS-based approach was used to identify crucial 91 

metabolites. A total of 72 metabolites were detected in each sample and displayed as a 92 

heat map (Fig. 1A). The heat map showed that the majority of metabolites were changed 93 

in abundance, suggesting that S. aureus infection altered the mouse plasma metabolome. 94 

No infection, low dose, moderate dose, and high dose groups could be distinguished by 95 

principal component analysis (PCA) using 72 metabolites (Fig. 1B), which demonstrated 96 

our hypothesis that hosts infected by different sublethal doses drive different metabolic 97 

profiling of anti-infection. After assaying, 48, 44, and 27 differential metabolites were 98 

respectively detected by comparisons of no infection and low dose group, of low and 99 

moderate dose groups, and of moderate and high dose groups (Fig. 1C), among which 100 

14 metabolites were shared (Fig. 1C and 1D). A subset of six metabolites, including 101 

L-leucine, L-proline, L-isoleucine, monolinolein, L-valine, and eicosanoic acid was 102 

significantly increased on infection from low dose to moderate dose to high dose (Fig. 103 

1D). These metabolites could serve as potential anti-infection biomarkers for S. aureus 104 

infection. Additionally, 14 shared metabolites enriched for four pathways containing 105 

aminoacyl-tRNA biosynthesis, citrate cycle, valine, leucine, and isoleucine degradation, 106 

and valine, leucine, and isoleucine biosynthesis (P < 0.05) (Fig. 1E). Out of six metabolite 107 

biomarkers, four metabolites including L-leucine, L-proline, L-isoleucine, and L-valine 108 

were enriched in aminoacyl-tRNA biosynthesis, valine, leucine, and isoleucine 109 

degradation, and valine, leucine, and isoleucine biosynthesis, thereby motivating us to 110 

investigate these metabolite biomarkers in greater detail (Fig. 1F).  111 

 112 
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Exogenous metabolites show the anti-infective effect on S. aureus infection  113 

To examine the potential anti-infective role of L-leucine, L-proline, L-isoleucine, or 114 

L-valine in vivo, cohorts of mice were intravenously infected with S. aureus Newman [1 × 115 

107 colony-forming units (CFU)] and injected with each metabolite (0.5 g kg-1) or sterile 116 

saline (no metabolite control) daily. Compared to mice administrated with sterile saline, 117 

metabolite-injected mice significantly declined the bodyweight loss during S. aureus 118 

infection (Fig. 2A). When renal tissues were analyzed for bacterial burdens and 119 

histopathology and compared with saline-administrated animals, mice given metabolite 120 

displayed markedly reduced staphylococcal loads and numbers of abscess lesions (Fig. 121 

2B and 2C). Each metabolite vaccination also provided distinct protection against lethal 122 

bloodstream infection with USA300 (2 × 108 CFU) and MRSA252 (2 × 109 CFU) (Fig. 2D 123 

and 2E). Besides, there was no difference in the recovery of body weight, bacterial loads, 124 

abscess numbers, and survival among each metabolite administration (Fig. 2A-2E). 125 

More importantly, we surprisingly found that combined administration of L-proline, 126 

L-isoleucine, L-leucine and L-valine (PILV) is capable of promoting survival further (Fig. 127 

2D and 2E), which were not found by administration of 4-fold higher concentration of 128 

L-proline (2.0 g kg-1) (Fig. S1), indicating the characteristically synergetic effect of four 129 

metabolites against staphylococcal infection. Thus, based on these data, we find that 130 

L-leucine, L-proline, L-isoleucine, or L-valine has an anti-infective function during S. 131 

aureus infection and PILV combination treatment would further improve the therapeutic 132 

effect on MRSA infection.  133 

 134 
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Metabolites boost NO production by inhibition of arginase in vivo 135 

Lipopolysaccharide (LPS), a component of the cell wall of Gram-negative bacteria, 136 

simultaneously induces expression of arginase (Arg) and NO synthase (NOS) in the host. 137 

However, it is unclear whether Gram-positive bacteria, S. aureus, is also able to induce 138 

both Arg and NOS expressions simultaneously. Thus we first measured NO production in 139 

serum samples and expression level of two Arg (cytoplasmic and mitochondrial arginase, 140 

designated as Arg1 and Arg2, respectively) and three NOS isozymes (neuronal, inducible, 141 

and endothelial NOS, designated as NOS1, 2, and 3, respectively) in tissues and blood 142 

upon S. aureus infection. Three days post sublethal infection of S. aureus Newman, NO 143 

production was enhanced in a dose-dependent manner (Fig. 3A). Furthermore, 144 

intravenous infection of S. aureus USA300 triggered the expression of all arginase and 145 

NOS isozymes and increased the NO production and arginase activity in mouse tissues 146 

(liver and kidney) and blood (or serum) except unchanged NOS3 expression in the blood 147 

(Fig. 3B to 3J). More interestingly, S. aureus infection induced more expression of Arg 148 

isozymes than NOS isozymes in tissues (Fig. 3B and 3C), suggesting that both Arg 149 

isozymes are predominant regulators of L-arginine since Arg and NOS compete with one 150 

another for L-arginine as an enzyme substrate. Then we asked whether L-leucine, 151 

L-proline, L-isoleucine, L-valine, or PILV have a mechanism that boosts NO production 152 

by blocking the arginase activity under the condition of S. aureus infection. Cohorts of 153 

mice were daily intraperitoneal injection of each metabolite with 0.5 g kg-1 or 2.0 g kg-1 or 154 

of PILV (0.5 g kg-1 for each metabolite) and infected by S. aureus after 6 hours post the 155 

first injection of metabolites. On day 3, animals were euthanized, and their blood and 156 

tissues (kidney and liver) were collected for measurements of NO production, arginase 157 

activity, and urea level. Mice that had received PILV held the highest level of NO in serum 158 

and tissue and the lowest activity of arginase and level of urea in serum, followed by 159 
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those that had received one metabolite or 4-fold higher concentration of that metabolite 160 

(Fig. 3E to 3K). In the absence of S. aureus infection, 0.5 g kg-1 or 2.0 g kg-1 of each 161 

metabolite or PILV (0.5 g kg-1 for each metabolite) showed no impact on NO production 162 

(Fig. S2). These data suggest that L-leucine, L-proline, L-isoleucine, or L-valine can 163 

strengthen NO production, and PILV combination therapy has an additive effect on NO 164 

production through further inhibition of arginase.  165 

 166 

Metabolites-induced NO protects mice against S. aureus infection 167 

Because of the positive correlation between higher protection and NO production of PILV 168 

treatment, we presumed that PILV-induced NO production would be responsible for 169 

higher protection. To test this, we used one competitive arginase inhibitor called BEC, 170 

which shows no effect on NO production and urea level under physiological condition 171 

while enhancing NO production and decreasing urea level in serum samples of S. 172 

aureus-infected mice (Fig. 4A and 4B). Further survival assay presented that BEC 173 

protected against lethal challenge with MRSA strain USA300 (Fig. 4C). These data 174 

indicate that increasing NO production has the benefit of getting rid of MRSA infection. 175 

Then we investigated the effects of two NO inhibitors, l-NMMA, and l-NAME, on 176 

PILV-induced NO production and survival. As expected, the inhibitors significantly 177 

suppressed NO production induced by S. aureus infection in the absence or presence of 178 

PILV (Fig. 4D). The mouse survival caused by S. aureus infection or enhanced by PILV 179 

administration was all reduced by the NO inhibitors (Fig. 4E). Together, these data prove 180 

that PILV-induced NO production confers protection against staphylococcal disease.  181 

 182 
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Metabolites increase phagocytic killing of S. aureus in a NO-dependent manner 183 

We next asked if the PILV has a function in human blood. S. aureus opsonophagocytic 184 

killing (OPK) was measured in human blood infected with 5 × 106 CFU Newman for 60 185 

min. Before that, blood was pretreated with heat-killed S. aureus Newman for 30 min at 186 

37°C. When added to blood samples, PILV reduced the bacterial load to 75% (Fig. 5A), 187 

indicating the anti-infective role of PILV in human blood. Treatment of human blood with 188 

NO inhibitor abolished OPK of Newman in the absence or presence of PILV (Fig. 5A). 189 

Similar results were found when measuring the OPK of S. aureus in mouse blood (Fig. 190 

5B). Further, the specific phagocytosis of S. aureus Newman was determined in 191 

macrophage cell lines, RAW264.7, and differentiated U937 cells. As anticipated, NO 192 

inhibitor or cytochalasin D completely removed PILV-enhanced phagocytosis of S. 193 

aureus in either human or mouse macrophages (Fig.5C and 5D). Altogether, these data 194 

demonstrate that PILV promotes the phagocytic killing of S. aureus in a NO-dependent 195 

manner.  196 

 197 

Discussion 198 

NO is a versatile effector that plays a central role both in the antimicrobial activity and 199 

immunomodulatory roles. During infection, the high cytotoxic NO level produced by 200 

innate immune cells of mammalian host limits pathogen growth (24). Although S. aureus 201 

has several genes for efficient NO detoxification, NO production is still critical for host 202 

resistance to staphylococcal disease (25-27). Besides the growth inhibition, NO can 203 

additionally target the Agr quorum sensing system to disrupt cell-to-cell communication of 204 

S. aureus, thereby suppressing the staphylococcal virulence (28). On the other hand, NO 205 

acts as a signaling messenger that promotes the growth and activity of immune cell types, 206 
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including macrophages and neutrophils (24, 29). Inhibition of inducible NOS (iNOS) or 207 

total NOS in macrophages or peripheral blood neutrophils significantly blocks 208 

phagocytosis, intracellular killing, and increases the survival of S. aureus (23, 30-32). 209 

These observations result in the development of NO delivery systems that can harness 210 

the antimicrobial properties of this short-lived, evanescent gas (24, 33). Here we found 211 

another interesting way to enhance endogenous NO production in the presence of S. 212 

aureus infection through a combination therapy using four metabolites that were 213 

determined from a metabolomics study.   214 

 215 

Metabolomics is an advanced technology that examines metabolic processes, identifies 216 

relevant biomarkers responsible for metabolic features, and discloses metabolic 217 

mechanisms. Analysis of the crucial metabolites in samples with different status has 218 

virtually become a significant part of improving the diagnosis, prognosis, and therapy of 219 

diseases (34). A platform for identifying metabolite biomarkers has been established in a 220 

mouse model of Klebsiella pneumoniae challenge (23). In that study, we garnered a 221 

potential anti-infection metabolite, L-valine, which presents an elevated level in surviving 222 

mice but a reduced level in dying mice. The supplementation of exogenous L-valine 223 

promotes the clearance of bacterial pathogens and enhances macrophage phagocytosis 224 

in a PI3K/Akt1 and NO-dependent manner. Using the same platform, we currently 225 

discovered four metabolite biomarkers from S. aureus bloodstream infection in an animal 226 

model. These metabolites are L-proline, L-isoleucine, L-leucine, and L-valine, the 227 

abundance of which becomes higher in plasma while infection dose increases, revealing 228 

the intriguing interrelationship between metabolites and infection status. The follow-up 229 

experiments not only evidence the contribution of metabolites in host resistance to 230 
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staphylococcal infection but also provide the mechanistic link between metabolites and its 231 

anti-infection activity. 232 

 233 

Using screening metabolites from differential metabolomics to combat bacterial infections 234 

have been well demonstrated in several studies. Plenty of metabolites, including glucose, 235 

malate, N-acetylglucosamine, Myo-inositol, linoleic acid, L-proline, L-valine, and 236 

L-leucine, show extended protection against bacterial infections (18-20, 22-24, 35, 36). 237 

However, the mechanistic investigations underlying their anti-infection properties are 238 

minimal. Earlier works showed the inhibitory effect of L-proline, L-isoleucine, L-leucine, 239 

and L-valine on arginase activities, and this inhibition is relatively specific as other amino 240 

acids, such as glycine, L-glutamine, do not influence arginase activities (37-39). Arginase 241 

inhibition by L-valine increases NO production in endothelial cells and macrophages in 242 

response to LPS treatment (23, 40). Specific elimination of arginase in macrophages 243 

favors host survival in Toxoplasma gondii infection and reduces the bacterial loads in the 244 

lung infection with Mycobacterium tuberculosis (41). Although S. aureus bloodstream 245 

infection co-induced expressions of NOS and arginase in the present study, the 246 

enzymatic role of arginase is distinctly more robust than that of NOS. Interestingly, 247 

L-proline, L-isoleucine, L-leucine, or L-valine is capable of boosting NO production via the 248 

inhibition of S. aureus-induced arginase activity in infected hosts. More importantly, the 249 

combined administration of L-proline, L-isoleucine, L-leucine, and L-valine has an 250 

additive effect on arginase inhibition, therefore providing the stronger protection against S. 251 

aureus infection largely through a mechanism that the more L-arginine is consumed by 252 

NOS to produce NO. There are two described isoforms of arginase, arginase I and 253 

arginase II, which are located on cytosol and mitochondria, respectively. Branched-chain 254 

amino acids (L-isoleucine, L-leucine, and L-valine) cause significant inhibition of cytosolic 255 
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arginase I and only minor effect on mitochondrial arginase II, while L-proline has much 256 

more inhibition of mitochondrial arginase II than the cytosolic arginase II (37). This 257 

evidence probably explains why the more substantial effect of arginase inhibition only 258 

happens in combined administration of L-proline and branched-chain amino acids but not 259 

in the administration of 4-fold higher concentration of each that metabolite. Further 260 

investigation is required to determine whether the explanation mentioned above for the 261 

additive effect occurs in our mouse model of S. aureus bloodstream infection or other 262 

mechanisms are involved. Additionally, S. aureus also encodes for its arginase, which 263 

might as well behave like its host counterpart, thereby quenching away the L-arginine for 264 

NOS and eventually generating less amount of NO (16, 42, 43). The inhibitory effect of 265 

L-proline and branched-chain amino acids on staphylococcal arginase will need to be 266 

determined in future studies.  267 

 268 

It is astounding that host employs L-proline and branched-chain amino acids as 269 

anti-infection metabolites against S. aureus bloodstream infection since S. aureus growth 270 

in media lacking L-proline, L-valine, or L-leucine shows an amino acid auxotrophy, albeit 271 

this bacteria genome contains entire gene sets for the biosynthesis of these amino acids 272 

(44, 45). The prevailing situation we can imagine upon staphylococcal infection is that the 273 

host should limit the production of these amino acids so that this pathogen is unable to 274 

have abundant nutrients to grow immoderately. However, the fact says differently, which 275 

exhibits the elevation of these amino acids in the serum of infected animals. Consistent 276 

with the observation, S. aureus infection reduces the transcriptional level of 277 

branched-chain amino acid transaminase 2 that mainly contributes to the degradation of 278 

branched-chain amino acids (46), suggesting the lower degradation rate of 279 

branched-chain amino acids in infected mice. Instead of aiding the growth of S. aureus, 280 
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exogenous supplementation of L-proline and branched-chain amino acids facilitates the 281 

phagocytes-mediated OPK of S. aureus and the elimination of staphylococci in the host. 282 

The mechanism of how the host accumulates a high level of L-proline and 283 

branched-chain amino acids in vivo upon staphylococcal infection is unknown and will be 284 

determined in future studies. TLR2/TLR6 agonist stimulates the significant increase of 285 

L-valine and L-isoleucine in mouse serum sample (10), which provides the clue that S. 286 

aureus-derived lipoteichoic acid and peptidoglycan might play a role in the induction of 287 

L-proline and branched-chain amino acids in infected animals.  288 

 289 

Materials and methods 290 

Bacterial strains, culture conditions, and experimental animals 291 

S. aureus strain Newman (ATCC 25904), USA300 (ATCC BAA-1717), or MRSA252 292 

(ATCC BAA-1720) was cultured from frozen stocks in tryptic soy agar (TSA) at 37°C 293 

incubator. The single colony was grown in tryptic soy broth (TSB) in a shaker bath at 294 

37°C. Overnight cultures were diluted 1:100 into fresh medium and harvested at an 295 

absorbance of 1.0 (OD600) by centrifugation at 6000 g for 10 min. The cells were washed 296 

and re-suspended in sterile PBS.  Female BALB/c mice (6 weeks old) were reared in 297 

cages fed with sterile water and dry pellet diets. Each mouse was then intravenously 298 

infected by inoculation with the low (0.3 × 107), moderate (0.7 × 107), or high (1 × 107) 299 

CFU of S. aureus Newman or with sterile PBS (no-infection group). Between 50 and 100 300 

μL blood were collected from the orbital vein of each mouse at 12 h post-infection. 301 

 302 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2020. ; https://doi.org/10.1101/2020.03.02.974345doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.974345
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 

 

Plasma metabolite extraction 303 

The metabolite extraction procedure was performed following methods described 304 

previously (23, 47).  In brief, 50 μL plasma was quenched by using 50 μL cold methanol 305 

and collected by centrifugation at 8,000 rpm for 3 min. This step was performed twice. 306 

The two supernatants were mixed, and an aliquot of sample was transferred to a GC 307 

sampling vial containing 5 μL 0.1 mg/mL ribitol (Sigma) as an internal analytical standard 308 

and then dried in a vacuum centrifuge concentrator before the subsequent derivatization. 309 

Two technical replicates were prepared for each sample. All animal experiments were 310 

performed following institutional guidelines following the experimental protocol review.  311 

 312 

Derivatization and GC-MS analysis 313 

Sample derivatization and subsequent GC-MS analysis were carried out as described 314 

previously (22, 23). Briefly, 80 μL of methoxamine/pyridine hydrochloride (20 mg/mL) was 315 

introduced to dried samples to induce oximation for 1.5 h at 37°C, and then 80 μL of the 316 

derivatization reagent MSTFA (Sigma) was mixed and reacted with the sample for 0.5 h 317 

at 37°C. A 1 μL aliquot of the derivative of the supernatant was added to a tube and 318 

analyzed using GC-MS (Trace DSQ II, Thermo Scientific). For data processing, spectral 319 

deconvolution and calibration were performed using AMDIS and internal standards. A 320 

retention time (RT) correction was operated in all samples, and then the RT was used as 321 

a reference against which the remaining spectra were queried, and a file containing the 322 

abundance information for each metabolite in all samples was assembled. Metabolites 323 

from the GC-MS spectra were identified by searching in the National Institute of 324 

Standards, and Technology (NIST) library used the NIST MS search 2.0. The resulting 325 

data matrix was normalized using the concentrations of exogenous internal standards, 326 
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which were subsequently removed so that the data could be used for modeling consisted 327 

of the extracted compound. The resulting normalized peak intensities formed a single 328 

matrix with Rt-m/z pairs for each file in the dataset. To reduce the between-sample 329 

variation, we centered the imputed metabolic measures for each tissue sample on its 330 

median value and scaled it by its interquartile range (48). ClustVis, a web tool for 331 

visualizing the clustering of multivariate data, was employed to create PCA plot and 332 

heatmaps (49). Metabolic pathways were enriched by utilizing MetaboAnalyst 4.0 (50).  333 

 334 

Effect of metabolites on S. aureus infection  335 

Female BALB/c mice were acclimatized for three days and then randomly divided into 336 

groups for investigating the effects of L-proline, L-isoleucine, L-valine, L-leucine, or a 337 

mixture of four metabolites as mentioned above (L-proline, L-isoleucine, L-leucine, and 338 

L-valine, designated as PILV). Before the infection of S. aureus Newman, 100 μl of each 339 

metabolite (0.5 g kg-1) or an equal volume of sterile saline (no metabolite control) was 340 

intraperitoneally injected. 6h later, mice were intravenously challenged by S. aureus 341 

Newman (1 × 107 CFU/mouse) and continued to be given the metabolites daily by 342 

intraperitoneal injection. Bodyweight of infected animals was measured daily. On day 15 343 

following infection, mice were euthanized by CO2 inhalation and cervical dislocation. Both 344 

kidneys were separated, and bacterial load in one organ was detected by homogenizing 345 

tissue with PBS containing 0.1% Triton X-100. Serial dilutions of homogenate were 346 

sampled on TSA and incubated for colony formation overnight at 37°C. The remaining 347 

organ was investigated by histopathology analysis (51). For survival, S. aureus USA300 348 

or MRSA252 were chosen. Six weeks old BLAB/c mice were intravenously inoculated 349 

with 100 μl of bacterial suspension in PBS at a concentration of 2 × 108 CFU ml-1 350 
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(USA300) or 2 × 109 CFU ml-1 (MRSA252). Each metabolite, PILV, BEC 351 

(S-(2-boronoethyl)-L-cysteine, arginase inhibitor, 50 mg kg-1), or both of nitric oxide (NO) 352 

inhibitor (L-NMMA or L-NAME, 40 mg kg-1) and PILV was given at the manner as 353 

mentioned earlier. PILV was administrated with 100 μl in PBS at a concentration of 0.5 g 354 

kg-1 for each metabolite. Survival was monitored over 14 days.  355 

 356 

Determination of NO release, urea and arginase activity 357 

NO release in serum or tissues was calculated by examining the nitrate and nitrite 358 

concentrations with a Total Nitric Oxide Assay Kit (Beyotime, China) according to the 359 

manufacturer’s instructions. The optical densities at 540 nm were recorded using a 360 

Microplate Reader (Biotek Instruments, Inc., Vermont, USA). The concentration of NO 361 

output was calculated from the standard curve. Urea production in serum was determined 362 

using a Urea Colorimetric Assay Kit (BioVision). The mouse serum was collected for the 363 

Arginase Activity Assay kit (Sigma, MAK112). 364 

 365 

Quantitative real-time PCR 366 

Total RNA was isolated from blood and tissues using TRIzol reagent, respectively 367 

(Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized according to the 368 

manufacturer’s instruction of the PrimeScriptTM RT reagent Kit with the genomic DNA 369 

Eraser (Takara, Kyoto, Japan). Then, the mRNA levels of genes Arg1, Arg2, NOS1, 370 

NOS2, and NOS3 were detected using quantitative real-time polymerase chain reaction 371 

(qRT-PCR) with TB Green™ Premix Ex Taq™ II (Takara) in the LightCycler96 system 372 

(Roche, Indianapolis, IN, USA). The housekeeping gene β-Actin (ACTB) was used as an 373 
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endogenous control. All primers are listed in Table S1. The qRT-PCR conditions were as 374 

follow 95 °C for 5 min followed by 45 cycles of 95 °C for 10 s, 58 °C for 30 s and 72 °C for 375 

30 s. For the final melting curve step, the samples were subjected to 95 °C for 10 s and 376 

65 °C for 1 min and then ramped to 97 °C by 5 °C every 1 s with a final cooling step at 377 

37 °C. After three repeated PCRs, the gene expression levels were calculated using the 378 

2-△△CT method (52). 379 

 380 

Bacterial survival in human and mouse blood 381 

To measure bacterial replication and survival ex vivo, fresh human blood was collected 382 

with heparin, an anti-coagulated reagent. Prior to incubating with 50 μl of a live bacterial 383 

suspension containing 5 × 106 CFU, 0.45 ml of human blood was pretreated by 50 μl of 384 

heat-killed S. aureus Newman (5 × 105 CFU) at 37°C for 30 min. Then the human blood 385 

sample was mixed with live bacterial suspension in the presence or absence of PILV (10 386 

mM for each metabolite), NO inhibitor (L-NMMA or L-NAME), or both. For mouse blood 387 

studies, 100 μl of heat-killed S. aureus Newman (5 × 105 CFU) was intravenously injected 388 

into BALB/c mouse. 6 h later, whole blood was collected by cardiac puncture. 50 μl of a 389 

live bacterial suspension including 5 × 105 CFU S. aureus Newman was mixed with 0.45 390 

ml of mouse blood in the presence or absence of PILV (10 mM for each metabolite), NO 391 

inhibitor (L-NMMA or L-NAME), or both. All these samples were incubated at 37°C with 392 

slow rotation for 60 min. After that, 0.55 ml of lysis buffer (0.5% saponin, 200 U 393 

streptokinase, 100 µg trypsin, 2 µg DNase, 10 µg RNase per ml PBS) was added to each 394 

sample for 10 min at 37°C before plating on TSA for enumeration of CFU (53, 54).  395 

 396 
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Cell culture and quantitative phagocytosis assay 397 

The murine macrophage cell line RAW264.7 was cultured in DMEM supplemented with 398 

10% (V/V) cosmic calf serum (HyClone), 100 U mL-1 penicillin G and 100 U/mL 399 

streptomycin. The human macrophage cell line U937 was grown in RPMI 1640 medium 400 

supplemented with 10% heat-activated fetal bovine serum. All cells were grown at 37°C 401 

in a 5% CO2 incubator.  U937-derived macrophages were induced by 160 nM phorbol 402 

12-myristate 13-acetate (PMA) at 37°C for 48 h. Macrophage phagocytosis was 403 

investigated as described previously (22, 23). Briefly, RAW264.7 cells were harvested 404 

using CaCl2- and MgCl2-free PBS containing 5 mM EDTA and plated at 5 × 106 405 

macrophages/well in 6-well plate. U937-derived macrophages were seeded at 1 × 106 406 

cells/well in a 12-well plate. For experiments with the administration of PILV, NO inhibitor, 407 

or both, the cells were deprived of serum overnight and then incubated with the 408 

molecules as mentioned above in serum-starved media. After pretreating for 6 h, 409 

FITC-conjugated S. aureus was centrifuged onto RAW264.7 or U937-derived 410 

macrophages at a multiplicity of infection (MOI) of 100 in the indicated medium without 411 

serum or antibiotics. Then, the plates were placed at 37 °C for 1 h. After incubation, the 412 

macrophages were vigorously washed with cold PBS to stop additional bacterial uptake 413 

or to destroy the bacteria in the phagosomes. Cells were washed at least four times in 414 

cold PBS and then fixed in 4% paraformaldehyde before being harvested in cold PBS 415 

containing 5 mM EDTA and subjected to FACS® analysis. 416 

 417 

Statistical Analysis 418 

The relative abundance of metabolites among different groups, staphylococcal survival in 419 

blood, NO and urea levels, or macrophage phagocytosis was analyzed with the two-tailed 420 
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Student t-test. Bacterial loads and abscess numbers in renal tissues were analyzed with 421 

the two-tailed Mann–Whitney test. All data were analyzed by GraphPad Prism (GraphPad 422 

Software, Inc.), and P values < 0.05 were considered significant. 423 
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 612 

Figure 1. Serum metabolome analysis by GC-MS reveals L-isoleucine, 613 

L-leucine, L-proline, and L-valine as potential anti-infection metabolites 614 

against S. aureus infection. (A) The heat map showed the relative abundance 615 

of total 72 metabolites in serum samples from mice infected by low dose (0.3 × 616 

107 CFU), moderate dose (0.7 × 107 CFU), and high dose (1 × 107 CFU) of S. 617 

aureus Newman strain, respectively, or PBS as no-infection control. (B) Principal 618 

component analysis (PCA) led to the metabolomics discrimination among 619 
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no-infection control, low dose, moderate dose, and high dose groups. (C) Venn 620 

diagram of 48 differential metabolites from the comparison of the low-dose group 621 

(Low) to the no-infection group, 44 differential metabolites from the comparison of 622 

the moderate-dose group (Moderate) to Low, and 27 differential metabolites from 623 

the comparison of the high-dose group (High) to Moderate. (D) Heat map 624 

representation of unsupervised hierarchical clustering of fourteen overlapped 625 

metabolites in (C). (E) Pathway enrichment analysis of fourteen overlapped 626 

metabolites. A horizontal histogram was selected to show the impact of the 627 

enriched pathway with P values < 0.01. (F) The abundance of L-isoleucine, 628 

L-leucine, L-proline, and L-valine in no-infection, Low, Moderate, and High dose 629 

groups. Error bars ± SEM, * P < 0.05 and ** P < 0.01. 630 
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 633 

Figure.2 The administration of single metabolite or metabolite combination 634 

(named PILV) protects mice against S. aureus bloodstream infection. (A to C) 635 

The treatment of each metabolite, L-proline, L-isoleucine, L-leucine, or L-valine, 636 

rescued body weight loss (A) and reduced renal bacterial loads and abscess 637 

numbers (B and C) from mice infected by S. aureus Newman strain. Weight was 638 

recorded daily and reported as % of initial weight. Fifteen days post infection, 639 
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kidneys (n = 5) were removed, and either ground for enumeration of CFU/g tissue 640 

or fixed for counting of surface abscesses (B). Fixed kidneys were additionally 641 

thin sectioned and then stained with hematoxylin and eosin (H&E) for internal 642 

abscesses (C). Green arrows point to internal abscesses in the kidney. (D and E) 643 

The treatment of single metabolite or metabolite combination (L-proline, 644 

L-isoleucine, L-leucine, and L-valine, designated as PILV) protected mice 645 

(BALB/c, n = 20) against lethal bloodstream infection with S. aureus USA300 (D) 646 

and MRSA252 (E). Survival was monitored over fourteen days. Data are 647 

represented as Error bars ± SEM. * P < 0.05 and ** P < 0.01. 648 
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 651 

Figure 3. Metabolites promote NO production by inhibition of arginase in 652 

mice. (A) Staphylococcal infection enhanced NO release in a dose-dependent 653 

manner. Three sublethal doses from low to high (0.3 × 107, 0.7 × 107, and 1 × 107 
654 

CFU/mouse) of S. aureus Newman strain was used to intravenously infect mice (n 655 

= 5 for each dose group). Three days post infection, mouse serum was collected 656 

and subjected to the measurement of NO release. (B to D) The mRNA levels of 657 

two arginase (Arg) and three NO synthase (NOS) isoforms in mouse liver, kidney, 658 

and blood were up-regulated by a sublethal staphylococcal infection. S. aureus 659 

USA300 (5 × 106 CFU/mouse) was used to infect BALB/c mice (n = 5). Three days 660 

post infection, mouse liver, kidney, and blood were collected and then subjected 661 

to estimate the transcriptional expression of Agr and NOS. Agr1 and Agr2 are 662 

cytoplasmic and mitochondrial arginase, respectively. NOS1, NOS2, and NOS3 663 
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are neuronal, inducible, and endothelial NOS, respectively. (E to J) Upon 664 

staphylococcal infection, single metabolite or PILV treatment increased NO 665 

production by inhibiting arginase activity in mouse blood and tissues. NO release 666 

was increased by single metabolite treatment and further boosted by PILV 667 

treatment in mouse serum (E), kidney (F), and liver (G). Meanwhile, arginase 668 

activity was decreased by single metabolite treatment and further declined by 669 

PILV treatment in the liver (H), blood (I), and kidney (J). (K) Staphylococcal 670 

infection-induced urea content was reduced by single metabolite treatment and 671 

further decreased by PILV treatment. Data are represented as Error bars ± SEM. 672 

* P < 0.05 and ** P < 0.01. 673 
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 676 

Figure 4. Metabolites-induced NO confers protection against 677 

staphylococcal infection. (A to C) A competitive arginase inhibitor, BEC 678 

(S-(2-boronoethyl)-L-cysteine), was able to induce NO release (A), inhibit urea 679 

production (B), and protect mice against lethal bloodstream infection with S. 680 

aureus USA300 (C). (D and E)  Both NO inhibitors, L-NMMA and L-NAME, all 681 

blocked PILV-induced NO release (D) and removed PILV-induced protection (E).  682 

Six hours after injection of BEC (50 mg kg-1), L-NMMA (40 mg kg-1), L-NAME (40 683 

mg kg-1), PILV, PILV plus L-NMMA (40 mg kg-1), or PILV puls L-NAME (40 mg 684 

kg-1), BALB/c mice (n = 30) were lethally challenged by S. aureus USA300 and 685 

then divided into two subgroups. One subgroup (n = 10) was used for the 686 

measurement of NO and urea, and another (n = 20) was used for observation of 687 

survival. Five survival mice (n = 10) at three days post infection were euthanized 688 
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to measure the NO and urea production in serum. Survival was monitored over 689 

fourteen days. Data are represented as Error bars ± SEM. * P < 0.05 and ** P < 690 

0.01. 691 

 692 
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 694 

Figure 5. PILV enhances Opsonophagocytic killing (OPK) in a 695 

NO-dependent manner. (A and B) PILV promoted OPK of S. aureus in human 696 

(A) and mouse blood (B) through a NO-dependent manner. Anticoagulated and 697 

heat-killed S.aureus Newman-pretreated mouse and human blood was incubated 698 

with live S. aureus Newman (2.5 × 106 CFU/ml blood for human blood assay, 2.5 699 

× 105 CFU/ml blood for mouse blood assay) in the presence of PBS, NO inhibitors, 700 

PILV, or PILV plus NO inhibitors for 60 min, and survival was measured (n = 5). (C 701 

and D) PILV increased the phagocytosis of FITC-conjugated S. aureus Newman 702 

in RAW 264.7 (C) and U937-derived macrophages (D). RAW264.7 or 703 

U937-derived macrophages were pretreated with PBS, NO inhibitors, PILV, or 704 

PILV plus NO inhibitors in a serum-starved medium for 6 hours and then were 705 

co-incubated with FITC-conjugated S. aureus for an additional one hour. Bacterial 706 
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uptake was measured by flow cytometry. Data are represented as Error bars ± 707 

SEM. * P < 0.05 and ** P < 0.01. 708 

 709 
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 718 

Figure S1. An increasing dose of L-proline is not able to increase survival.  719 

 720 

  721 

USA300

0 3 6 9 12 15
0

20

40

60

80

100

L-proline (4× )
L-proline

Days post infection

S
u

rv
iv

al
 (

%
)

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2020. ; https://doi.org/10.1101/2020.03.02.974345doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.974345
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 

 

 722 

Figure S2. Metabolite treatments are not able to increase NO release in the 723 

mouse without S. aureus infection.  724 

 725 

Table S1 The primers used in this study 726 

Primer 

name 
Sequence Purpose 

Arg1-F TGAGCTTTGATGTCGACGGG 
qRT-PCR test for gene Arg1 

Arg1-R GTTGAGTTCCGAAGCAAGCC 

Arg2-F TCGGGGACAGAAGAAGCTAGGA 
qRT-PCR test for gene Arg2 

Arg2-R ACTTCAGCCAGTTCCTGGTTGG 

NOS1-F CTGGAGACCACCTTCACAGG 
qRT-PCR test for gene NOS1 

NOS1-R GCATGCTGAGGTCCGTTACT 

NOS2-F CAGTCCTCTTTGCTACTGAGACAGG 
qRT-PCR test for gene NOS2 

NOS2-R TCTTCAGAGTCTGCCCATTGCT 

NOS3-F CCTTCACCCACTGAGCAGCTATT 
qRT-PCR test for gene NOS3 

NOS3-R TGCAGCTTTCCCCACTGGAT 

ACTB-F CAAGAGAGGTATCCTGACCCT 
qRT-PCR test for gene ACTB 

ACTB-R TGATCTGGGTCATCTTTTCAC 
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