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Abstract
BACKGROUND
[bookmark: OLE_LINK597][bookmark: OLE_LINK598][bookmark: OLE_LINK599][bookmark: OLE_LINK545][bookmark: OLE_LINK349][bookmark: OLE_LINK350][bookmark: OLE_LINK529][bookmark: OLE_LINK530]Shigella flexneri (S. flexneri) is a major pathogen causing acute intestinal infection, but the systematic oxidative damage incurred during the course of infection has not been investigated.

AIM
[bookmark: OLE_LINK351][bookmark: OLE_LINK352]To investigate the incurred systemic RNA oxidative damage and the diagnostic value of RNA oxidative metabolites during S. flexneri-induced intestinal infection.

METHODS
[bookmark: OLE_LINK353][bookmark: OLE_LINK354][bookmark: OLE_LINK611][bookmark: OLE_LINK6][bookmark: OLE_LINK581][bookmark: OLE_LINK582][bookmark: OLE_LINK556][bookmark: OLE_LINK557][bookmark: OLE_LINK52]In this study, a Sprague-Dawley rat model of acute intestinal infection was established by oral gavage with S. flexneri strains. The changes in white blood cells (WBCs) and cytokine levels in blood and the inflammatory response in the colon were investigated. We also detected the RNA and DNA oxidation in urine and tissues.

RESULTS
[bookmark: OLE_LINK355][bookmark: OLE_LINK356][bookmark: OLE_LINK585][bookmark: OLE_LINK586][bookmark: OLE_LINK613][bookmark: OLE_LINK560][bookmark: OLE_LINK561][bookmark: OLE_LINK587][bookmark: OLE_LINK588][bookmark: OLE_LINK558][bookmark: OLE_LINK559][bookmark: OLE_LINK527][bookmark: OLE_LINK528][bookmark: OLE_LINK601][bookmark: OLE_LINK546][bookmark: OLE_LINK547]S. flexneri infection induced an increase in WBCs, C-reactive protein, interleukin (IL)-6, IL-10, IL-1β, IL-4,  IL-17a, IL-10, and tumor necrosis factor α (TNF-α) in blood. Of note, a significant increase in urinary 8-oxo-7,8-dihydroguanosine (8-oxo-Gsn), an important marker of total RNA oxidation, was detected after intestinal infection (P = 0.03). The urinary 8-oxo-Gsn level returned to the baseline level after recovery from infection. In addition, the results of a correlation analysis showed that urinary 8-oxo-Gsn was positively correlated with the WBC count and the cytokines IL-6, TNF-α, IL-10, IL-1β, and IL-17α. Further detection of the oxidation in different tissues showed that S. flexneri infection induced RNA oxidative damage in the colon, ileum, liver, spleen, and brain.

CONCLUSION
[bookmark: OLE_LINK357][bookmark: OLE_LINK358]Acute infection induced by S. flexneri causes increased RNA oxidative damage in various tissues (liver, spleen, and brain) and an increase of 8-oxo-Gsn, a urinary metabolite. Urinary 8-oxo-Gsn may be useful as a biomarker for evaluating the severity and prognosis of infection.
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[bookmark: OLE_LINK347][bookmark: OLE_LINK348][bookmark: OLE_LINK531][bookmark: OLE_LINK532]Core Tip: Shigella flexneri (S. flexneri) is a major pathogen causing acute intestinal infection, but the systematic oxidative damage incurred during the course of infection has not been investigated. By establishing a Sprague-Dawley rat model with S. flexneri infection in the intestine, we found that 8-oxo-7,8-dihydroguanosine (8-oxo-Gsn) levels were markedly increased in the colon, ileum, liver, spleen, and brain after infection, showing that S. flexneri can exacerbate systemic RNA oxidation. The changing trend in levels of urinary 8-oxo-Gsn (as the RNA oxidative metabolites) was consistent with the changes in the white blood cell count, C-reactive protein level, and cytokine levels during infection. Urinary 8-oxo-Gsn may be useful as a biomarker for evaluating the severity and prognosis of infection.

INTRODUCTION
[bookmark: OLE_LINK359][bookmark: OLE_LINK360]Shigella infection is a major public health concern around the world, causing acute diarrhea, known as shigellosis or bacillary dysentery. There are almost 165 million cases of diarrhea caused by Shigella each year, of which 163 million occur in developing countries[1]. People of all ages can be infected by Shigella, but children under five years old are most susceptible[2]. 
Shigella flexneri (S. flexneri) is the most frequently isolated Shigella species worldwide[2]. The pathogenesis of S. flexneri involves invasion of the mucosa by bacteria, which replicate within and spread between the mucosal epithelial cells, resulting in a subsequent severe inflammatory response and epithelial destruction in the colon tissue. However, the oxidative damage in the colon during S. flexneri-induced infection has not been investigated. In the present study, the oxidative stress changes in the intestine during S. flexneri-induced acute intestinal infection were investigated.
Shigella infection can cause inflammatory responses in the intestine, which is also a potential source of inflammation-related cytokines[3]. Researchers have established cell models/animal models and observed the infected patients to investigate the inflammation-related cytokine production. In cell models, S. flexneri was able to cause an increase in interleukin (IL)-1, IL-10, and tumor necrosis factor α (TNF-α) in macrophage-like cells[4]. Outer membrane protein A of S. flexneri can trigger B cells to secret the cytokines IL-6 and IL-10[5]. The production of the cytokines IL-4, IL-6, and IL-8 is increased in HeLa cells with S. flexneri infection[6]. Researchers also found that the TNFα and IL-1β production is reduced in mouse macrophages with an S. ﬂexneri msbB gene mutation[7]. In mouse models, S. flexneri infection can cause an increase in the IL-1β production[8]. In S. flexneri-infected patients, the TNF-α, IL-1, IL-4, IL-6, and interferon-γ levels increased significantly after infection[3]. 
In the present study, we established an S. flexneri-infected rat model to explore the changes in the levels of the above-mentioned cytokines (IL-1, IL-6, IL-10, and TNF-α) as well as IL-17α, which plays important roles in host immunity against intracellular pathogens.
[bookmark: OLE_LINK602][bookmark: OLE_LINK603][bookmark: OLE_LINK548][bookmark: OLE_LINK549]Urinary 8-oxo-7,8-dihydroguanosine (8-oxo-Gsn) and 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxo-dGsn) are oxidative stress by-products of RNA and DNA, respectively, which are widely used as markers of oxidative stress[9,10]. Previous studies have reported their utility as biomarkers for predicting aging-related diseases[11] and neurodegenerative diseases[12]. Our lab found that 8-oxo-Gsn may have potential utility as a marker for evaluating the severity of Salmonella-related infection[13]. The present study investigated the diagnostic value of 8-oxo-Gsn and 8-oxo-dGsn in intestinal infection induced by S. flexneri. In addition, we investigated the correlation between cytokine levels and oxidative production of 8-oxo-Gsn.
Accumulating evidence suggests that intestinal infection caused by Gram-negative bacteria may also influence other organs. For example, the Gram-negative bacterium Escherichia coli can form extracellular amyloid, which may play a role in causing sporadic Alzheimer’s disease[14]. S. dysenteriae, a causative agent of bloody diarrhea, may cause diarrhea-associated hemolytic uremic syndrome and neurological disorders[15]. Acute intestinal infection induced by Salmonella can cause oxidative damage to the intestine, liver, and spleen[13]. However, the effects of Shigella-induced intestinal infection on other tissues have not been reported. 
We hope that the rat infection model established in the present study will help improve our understanding of how vertebrates regulate their response to S. flexneri infection. We further intended to explore whether or not S. flexneri infection in the intestine can cause oxidative damage to other organs, such as the liver, spleen, and brain.

MATERIALS AND METHODS
[bookmark: OLE_LINK361][bookmark: OLE_LINK362][bookmark: OLE_LINK365]Bacterial strains
The S. flexneri strain used in this study (CICC 21534) was purchased from the China Center of Industrial Culture Collection (CICC; Beijing, China). The source of the CICC 21534 strain was Guizhou Health and Epidemic Prevention Station, China. The serotype of CICC 21534 was F1a.
S. flexneri strain CICC 21534 was stored at -80 °C. The isolate was subcultured on blood agar plates twice and then suspended in Trypticase Soy Broth (bioMérieux SA, 69280 Marcy I’Etoile, France). The bacterial concentration was measured spectrophotometrically and confirmed by serial dilution on blood agar. 

Animal experimental design
[bookmark: OLE_LINK579][bookmark: OLE_LINK580][bookmark: OLE_LINK600][bookmark: OLE_LINK550][bookmark: OLE_LINK551]Twenty-four 4-wk-old healthy male Sprague-Dawley (SD) rats were purchased from Vital River (Beijing, China). All appropriate measures were taken to minimize the pain or discomfort of the rats. The rats were housed in a temperature-controlled room (24 ± 2 °C). Drinking water and food were provided ad libitum. There were three rats in each cage. The rats were not pretreated with any antibiotics and were all healthy before treatment, with normal white blood cell (WBC) counts and a normal flora in the feces.
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK604][bookmark: OLE_LINK605][bookmark: OLE_LINK10]The rats were divided randomly into either an infection group or a control group. In the infection group (n = 12), rats were infected by gavage with 1 dose of 1 × 109 colony-forming units (CFU) of the S. flexneri strain. In the control group (n = 12), rat gavage was performed with phosphate-buffered saline (PBS). On days 1, 5, 9, and 18, three rats per group were euthanized by intraperitoneal injection of pentobarbital sodium (200 mg/kg), and tissues were obtained.
For the establishment of the infection model, before infection, the rats were starved overnight. To neutralize the gastric acid, 400 μL of 3% NaHCO3 was administered orally 15 min before infection. The rats in the infection group were then orally administered with 1 × 109 CFU of S. flexneri in a volume of 1 mL. The establishment of infection was verified by the continuous detection of S. flexneri in feces, an increased WBC count, and obvious lymphocyte infiltration in the colon. In the control group, rats were also starved overnight and administered with 3% NaHCO3 orally 15 min before PBS administration. 
We took care of and sacrificed the animals strictly according to animal welfare laws and regulations. This study was approved by the Ethical Committee of the Institute of Medical Biotechnology, Chinese Academy of Medical Sciences (approval number: IMB-201803140206). 

Body temperature and body weight of rats
The body temperature (rectal temperature) and body weight of the rats were measured every morning.

Microbiological detection
[bookmark: OLE_LINK533][bookmark: OLE_LINK536]For the qualitative detection, conventional bacterial culture methods were used to detect S. flexneri in feces. Samples were collected and inoculated onto blood agar, China blue agar plates (Jinzhang Science and Technology Development Co. Ltd, Tianjin 300190, China), and Salmonella-Shigella (bioMérieux SA, 69280 Marcy I’Etoile, France) agar plates within 2 h of collection. S. flexneri was identified using morphologic observation on the selective medium, combined with triple-iron slants and Vitek 2 (bioMérieux, Inc., NC, United States) detection.
For the quantitative detection of S. flexneri, the feces and tissues were weighed after collection and then diluted in 1 mL of PBS and homogenized with a tissue homogenizer (PRO Scientific Inc., CT, United States). After centrifugation, the supernatant was diluted and inoculated onto Salmonella-Shigella (bioMérieux SA, Marcy I’Etoile, France) agar plates. The plates were incubated at 37 °C overnight. The number of Shigella colonies was counted on each plate. Shigella was quantitatively detected in the infection and control groups at fixed time points on days 1, 3, 5, 7, 9, 13, 15, and 18. 

White blood cell count
WBCs in blood samples were counted manually. A 20-μL blood sample was added to 380 μL of 2% ethanoic acid solution. Then, WBCs were counted in a hemacytometer using a conventional light microscope.

[bookmark: OLE_LINK534][bookmark: OLE_LINK535]C-reactive protein and cytokine detection
[bookmark: OLE_LINK583][bookmark: OLE_LINK584][bookmark: OLE_LINK612][bookmark: OLE_LINK7][bookmark: OLE_LINK552][bookmark: OLE_LINK553][bookmark: OLE_LINK537][bookmark: OLE_LINK538]Blood samples were collected by the tail vein sampling method. Serum C-reactive protein (CRP) levels were detected with a Rat CRP ELISA kit (Immunology Consultants Laboratory, Inc., OR, United States). The CRP test kit is a highly sensitive two-site ELISA for measuring CRP in rat biological samples. The assay for quantification of CRP in samples requires that each test sample be diluted before use. For the serum samples of the rats in our study, 1/12000 dilution was appropriate for detection. The dilution ratio was determined based on the data provided by the kit and the data of the preliminary experiment.
The cytokines TNF-α, IL-6, IL-10, IL-1β, IL-4, and IL-17α were measured using a commercially available MILLIPLEX MAP Kit (Rat Cytokine/Chemokine Magnetic Bead Panel, 96-Well Plate Assay, Cat. #RECYTMAG-65K, RECYMAG65K27PMX, RECYMAG-65PMX27BK; Millipore Corporation, MA, United States) according to the manufacturer’s protocol. In this study, 1/2 dilution of serum was appropriate for detection. A Luminex 200 System (Luminex Corporation, TX, United States) was used for quantification.

Detection of urinary 8-oxo-dGsn and 8-oxo-Gsn levels
[bookmark: OLE_LINK554][bookmark: OLE_LINK555]The manual bladder expression method was used to collect the urine samples of rats. Urine samples were stored at -80 °C. Urinary 8-oxo-dGsn and 8-oxo-Gsn were detected by the liquid chromatography with tandem mass spectrometry method as reported[13]. In brief, all urine samples were analyzed using an Agilent 1290 Infinity UHPLC instrument equipped with an Agilent 6490 triple-quadrupole mass spectrometer with a Jet Stream ESI source and iFunnel (Agilent, United States; parameters are shown in Supplementary Tables 1-3). The concentrations of 8-oxo-dGsn and 8-oxo-Gsn were then normalized by urinary creatinine to correct for the impact of water intake/excretion on urine. The results are presented as the ratio of the concentrations of nucleosides (8-oxo-dGsn and 8-oxo-Gsn) and creatinine.

[bookmark: OLE_LINK539][bookmark: OLE_LINK540]Hematoxylin and eosin staining of tissues
[bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK541][bookmark: OLE_LINK542]Histopathological tests were performed using standard laboratory procedures. Tissue samples were fixed in 10% neutral-buffered formalin and embedded in paraffin. The paraffin-embedded tissue was then sliced into 4-μm-thick sections with a microtome and placed onto glass slides for further experiments. The tissue sections were deparaffinized with xylene, hydrated through an alcohol series, and then stained with hematoxylin and eosin (H&E). After dehydration and clearing, the mounting tissue sections were observed under a light microscope. H&E Stain kit was purchased from ZSGB-BIO (Beijing, China).

Immunohistochemical detection of 8-oxo-Gsn and 8-oxo-dGsn
Immunohistochemical staining was performed to detect the expression of 8-oxo-Gsn in the ileum, colon, liver, spleen, and brain. In brief, paraffin-embedded tissue sections were deparaffinized in xylene and rehydrated through a series of graded alcohols. Antigen retrieval was performed in citric acid buffer at 95 °C for 40 min. DNase I (TaKaRa Biotechnology Co., Ltd., Dalian, China) was added to slides to remove genomic DNA from samples. The slides were washed with 1 × PBS, and 3% hydrogen peroxide was added to eliminate endogenous peroxidases. Slides were then blocked with goat serum working solution. Primary monoclonal 15A3 antibody (ab62623; Abcam, Cambridge, United Kingdom) was added, and slides were incubated at 37 °C for 2 h (antibody dilutions: Colon, 1:700; ileum, 1:2000; liver, 1:700; spleen, 1:700; brain, 1:2000). The sections were incubated with HRP-conjugated secondary antibody (PV-6002; ZSGB-BIO) for 20 min. Coloration was performed with DAB (ZSGB-BIO), and the sections were observed under a microscope[16].
To detect the expression of 8-oxo-dGsn in tissue, tissue sections were treated with RNase A (TaKaRa Biotechnology Co., Ltd.) to remove RNA from samples. The primary monoclonal antibody was N45.1 (ab48508; Abcam). The dilutions of primary antibody were 1:2000 for the colon, 1:3000 for the ileum, 1:3000 for the liver, 1:500 for the spleen, and 1:2000 for the brain.

Statistical analysis
[bookmark: OLE_LINK543][bookmark: OLE_LINK544]The SPSS 16.0 software program was used for the statistical analyses. Quantitative data are expressed as the mean ± SD and were analyzed by a t-test or one-way analysis of variance (ANOVA) after the normality test. Pearson's correlation coefficient (r) was used when comparing the linear relationship between the variables with a normal distribution. An area under the receiver operating characteristic (ROC) curve was created to assess the predictive value of urinary 8-oxo-Gsn and cytokines for the presence of infection. The results were considered significant only when P < 0.05.

RESULTS
[bookmark: OLE_LINK363][bookmark: OLE_LINK364]Orally administered S. flexneri can provoke pathogen colonization and intestinal inflammation in rats
The body temperature showed no significant changes during the infection progression. Furthermore, the body weight increase of the rats was not significantly different between the infection and control groups.
After the intragastric administration of S. flexneri, serial fecal cultures were performed at fixed time points (days 1, 3, 5, 7, 9, 13, 15, and 18) in the two groups. In the control group, S. flexneri was undetectable during the experiment. In the infection group, S. flexneri was detectable in the feces of all infected rats after infection (day 1) and remained until day 7, whereas it was undetectable on day 9 (Figure 1A). In the intestine, liver, and spleen, S. flexneri was detectable on days 1 and/or 5. S. flexneri was undetectable in the brain at all time points.
Shigella can invade the colonic epithelial cells and provoke an intense inflammatory response. Compared with the control group (Figure 1B), obvious leukocyte infiltration was observed in the colonic mucosa on day 1 (P < 0.001 vs control; Figure 1C and G) and day 5 (P < 0.001 vs control; Figure 1D and G) after infection with S. flexneri, as detected by H&E staining. Intestinal inflammation was decreased on day 9 (Figure 1E), which was accompanied by pathogen elimination. By day 18, the colonic mucosa had returned to normal (Figure 1F).

Changes in WBC count and CRP levels during the course of infection 
The WBC count is often used to assess bacterial infections. The changes in the WBC count after the establishment of intestinal infection are shown in Figure 1H. The WBC count increased after oral exposure to S. flexneri and peaked on day 5 (P < 0.0001, WBCday5 = 27.42 ± 3.77 × 109 cells/L). The WBC count then decreased and returned to baseline after day 13. In the control group, there were no significant changes in the WBC count during the experiment.
Furthermore, it was shown that the level of CRP, an acute-phase response protein commonly used as a marker of inflammation, was significantly increased after exposure to S. flexneri on day 1 (CRP = 4.87 ± 1.59 × 103 mg/L, P = 0.005), and the level remained high when it was detected on day 5 (CRP = 4.85 ± 1.41 × 103 mg/L, P = 0.002). The CRP level then decreased and returned to baseline on day 18 (Figure 1I).

Induction of inflammatory cytokine production
The expression of IL-6, an important mediator of the acute-phase response, was significantly increased in the infection group on day 1 (207.26 ± 19.93 pg/mL, P = 0.02) and remained high when detected on day 5 (207.99 ± 21.49 pg/mL, P = 0.01; Figure 2A). After pathogen clearance on day 9, the levels of IL-6 decreased and returned to baseline.
The expression of TNF-α, a cell-signaling protein involved in systemic inflammation and one of the cytokines that make up the acute phase reaction, was also significantly increased after infection (day 1: 96.07 ± 8.29 pg/mL, P < 0.001) and peaked on day 5 (119.11 ± 9.69 pg/mL, P < 0.001). The TNF-α level then decreased and returned to the baseline at the end of the experiment (Figure 2B).
Consistent with this trend, increased levels of proinflammatory IL-1β (Figure 2C) and IL-17α (Figure 2D) were observed after infection and peaked on day 5. IL-10, a cytokine with multiple, pleiotropic effects in immunoregulation and inflammation, was also significantly produced after bacterial infection (Figure 2E).

High levels of oxidized guanosine in urine after Shigella infection
8-oxo-Gsn levels were increased after oral exposure to S. flexneri. Compared with the control group, significantly increased levels of 8-oxo-Gsn were observed from day 1 to day 9 (P < 0.05), with the level peaking on day 5 (P = 0.017). After day 5, the level of 8-oxo-Gsn began to decrease and returned to baseline on day 15 (Figure 3A). The trends in the changes in the urinary 8-oxo-Gsn level were consistent with the changes in colonic tissue inflammation, the WBC count, and the CRP level, suggesting that urinary 8-oxo-Gsn may serve as a biomarker for assessing the severity of the infection.
In the control group, no significant changes in the 8-oxo-Gsn level were observed at any time point. For 8-oxo-dGsn, no significant changes were observed at any time point (Figure 3B).

Shigella infection leads to RNA oxidative damage in tissues
Immunohistochemical staining showed that the 8-oxo-Gsn staining intensity in the infected colon tissue was significantly altered compared with normal colon tissue (P < 0.05; Figure 4A). In infected colon tissues, antibodies directed against the RNA damage marker 8-oxo-Gsn produced more intense staining than uninfected colon tissues, thereby indicating a general increase in oxidative stress and RNA damage. Although 8-oxo-Gsn was more highly expressed on day 1 than on day 5, the difference between the two time points was not statistically significant. In the ileum (Figure 4B), liver (Figure 4C), spleen (Figure 4D), and brain tissues (Figure 4E), the expression of 8-oxo-Gsn was significantly higher on days 1 and day 5 than that in uninfected tissues.
The levels of the DNA damage marker 8-oxo-dGsn were significantly increased in the colon and brain tissues after infection (Figure 5A and E). In the infection group, there was no significant change in the 8-oxo-dGsn expression in the ileum, liver, or spleen (Figure 5B-D).

Correlation of 8-oxo-Gsn with WBC, CRP, and inflammatory cytokines
The 8-oxo-Gsn concentration in the urine of the infection group was positively correlated with the WBC count (r = 0.652, P < 0.001) and levels of IL-6 (r = 0.461, P = 0.005), TNF-α (r = 0.541, P = 0.001), IL-10 (r = 0.359, P = 0.032), IL-1β (r = 0.402, P = 0.017), and IL-17α (r = 0.431, P = 0.009). No significant correlation was found between 8-oxo-Gsn and CRP (r = 0.289, P = 0.203).
HE staining and fecal discharge are the gold standards for diagnosing the presence of infection. The predictive value of 8-oxo-Gsn in identifying the presence of intestinal infection was assessed using a ROC curve. The area under the ROC curve of urinary 8-oxo-Gsn was 0.750 (95%CI, 0.615–0.885, P = 0.001) (Figure 6A).
The predictive value of the WBC count and CRP for identifying intestinal infection was also assessed using a ROC curve. The area under the ROC of the WBC count was 0.792 (95%CI, 0.674–0.911, P < 0.001) (Figure 6B), and that for CRP was 0.733 (95%CI, 0.544–0.923, P = 0.014) (Figure 6C).
For inflammatory cytokines, the area under the ROC of IL-6 (Figure 6D), TNF-α (Figure 6E), IL-1β (Figure 6F), IL-17α (Figure 6G), and IL-10 (Figure 6H) was 0.838 (95%CI, 0.698–0.978, P = 0.003), 0.980 (95%CI, 0.948–1.012, P < 0.001), 0.948 (95%CI, 0.882–1.014, P < 0.001), 0.964 (95%CI, 0.917–1.012, P < 0.001), and 0.864 (95%CI, 0.752–0.977, P < 0.001), respectively.

DISCUSSION
[bookmark: OLE_LINK366][bookmark: OLE_LINK367]The present findings suggested that urinary 8-oxo-Gsn can be used to identify the presence of infection and to assess the severity of infection. In this study, Shigella infection in the gastrointestinal tract induced significant increases in the 8-oxo-Gsn concentration, the WBC count, and the CRP level. The WBC count is widely used to evaluate the severity of bacterial infections. CRP, an acute-phase protein of hepatic origin, is a non-specific marker of inflammation and one of the most sensitive acute-phase reactants. 
The levels of 8-oxo-Gsn, a marker of oxidative stress, as well as the WBC count and the CRP level, which are markers of inflammation, were all increased significantly on day 1 and peaked on day 5. Following the clearance of the pathogen, the values for these biomarkers returned to the baseline level. 
The correlation analysis showed that 8-oxo-Gsn was positively correlated with the WBC count. Although no significant correlation was found between 8-oxo-Gsn and CRP, the trend of the urinary 8-oxo-Gsn concentration was consistent with the changes of the WBC count and CRP level. The sharp increase in the CRP level on day 1 (20 times higher than that on day 0) may be the reason for the absence of a significant correlation. The predictive value of the 8-oxo-Gsn concentration, WBC count, and CRP level for differentiating between infection and non-infection was assessed using the ROC curve. The results showed that 8-oxo-Gsn achieved a fair accuracy in classifying subjects as infected or uninfected. When the area under the ROC curve for the 8-oxo-Gsn concentration was compared to those of the WBC count and CRP level, all values ranged from 0.70 to 0.80, indicating that these diagnostic markers have a similar discrimination ability for the infection status[17]. Furthermore, urinary 8-oxo-Gsn is a noninvasive biomarker and can be measured more frequently than blood biomarkers, such as the WBC and CRP.
The immunohistochemistry results showed that in addition to intestinal tract tissue, 8-oxo-Gsn (RNA oxidative product) levels were increased in the liver, spleen, and brain tissues. Previous studies have shown that Shigella has a predilection to infect and colonize the large bowel[2,18]. The increased oxidative stress in other tissues might be induced by endo- or exotoxin produced by Shigella strains, according to previous studies[14,15,19]. Our study suggested that diarrhea caused by Shigella bacteria could induce a transient elevation in systemic oxidative stress.
The levels of the DNA oxidative product 8-oxo-dGsn showed no significant changes in urine, ileum, liver, or spleen tissues. The increase was only detected in the colon and brain. The results suggested that DNA oxidative damage occurred less frequently than RNA oxidative damage in the course of acute infection. This might be because DNA molecules have a double-stranded structure, which is protected by histones and the cell nucleus[11]. All of these protections reduce the DNA oxidative damage during acute infection. Previous studies have shown that, in the course of chronic infection, DNA oxidative damage occurred more frequently, which helps promote inflammation-mediated carcinogenesis[20,21].
The present study showed that the levels of the cytokines IL-6, TNF-α, IL-1β, IL-17α and IL-10 were significantly increased after infection. Previous studies also showed that S. flexneri induced the release of both inflammatory (IL6, IL-8, and IL1β) and anti-inflammatory cytokines (IL-10)[22-24]. However, changes in the levels of IL-17α in S. flexneri-related infection have not been investigated. IL-17 has emerged as a central player in the mammalian immune system[25]. To promote inflammation, IL-17 acts in concert with IL-1β and TNF-α[26], with IL-1β being required to mediate inflammation in S. flexneri infection[8]. The present results suggested that S. flexneri infection activates inflammatory cytokines. Our findings also showed that the cytokine levels were positively correlated with the concentration of 8-oxo-Gsn, a marker of RNA oxidation, which proved again that 8-oxo-Gsn was useful as a diagnostic biomarker in infection.

CONCLUSION
[bookmark: OLE_LINK368][bookmark: OLE_LINK369]In summary, during the early stage of Shigella infection, tissue inflammation occurs at the site of pathogen colonization, accompanied by an increase in reactive oxygen species (ROS) and the release of inflammatory cytokines. With the clearance of Shigella, the levels of oxidative stress markers and inflammatory cytokines decline, and the tissue inflammation recovers. The results suggested that although an increase in ROS can induce RNA oxidative damage in the colon and various tissues, this is temporary and differs from DNA oxidative damage, which occurs more frequently under conditions of chronic infection[20]. Thus, the combination of oxidative stress and inflammatory cytokines promotes infection recovery. A previous study showed that the RNA oxidative nucleic acid 8-oxoGTP increased protein variation[27]. The influence of various mutated proteins in infection, especially in the course of chronic infection, should be investigated in future studies.

ARTICLE HIGHLIGHTS
Research background
[bookmark: OLE_LINK370][bookmark: OLE_LINK371]Shigella infection is a major public health concern around the world. Shigella flexneri (S. flexneri) is a major pathogen causing acute intestinal infection and is more frequently fatal than other Shigella species. The white blood cell (WBC) count and levels of C-reactive protein (CRP) and cytokines have always been used to evaluate the severity of Shigella-induced infection. Because RNA oxidation plays a substantial role in the progression of multiple diseases, the RNA oxidative product 8-oxo-7,8-dihydroguanosine (8-oxo-Gsn) may be useful as a biomarker for predicting infectious disease progression and severity. 

Research motivation
[bookmark: OLE_LINK372][bookmark: OLE_LINK373]There is no information regarding the diagnostic value of urinary 8-oxo-Gsn and 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxo-dGsn) in intestinal infection induced by S. flexneri. In addition, the correlation of blood inflammatory-related cytokines with RNA oxidative metabolites is unclear. Furthermore, the systematic tissue oxidative damage during Shigella-induced intestinal infection has not been investigated.

Research objectives
[bookmark: OLE_LINK374][bookmark: OLE_LINK375]To determine the systemic RNA oxidative damage incurred in S. flexneri-induced intestinal infection and to evaluate the diagnostic value of the RNA oxidative metabolites 8-oxo-Gsn in urine.

Research methods
[bookmark: OLE_LINK376][bookmark: OLE_LINK377][bookmark: OLE_LINK53][bookmark: OLE_LINK54]Sprague-Dawley rats were used to establish an acute intestinal infection model by oral gavage of S. flexneri strains. The CRP level was measured by ELISA, and cytokines were detected using the MILLIPLEX MAP Kit according to the manufacturer's protocol. Hematoxylin and eosin staining was performed to detect tissue inflammation. Liquid chromatography with tandem mass spectrometry was used to determine the 8-oxo-dGsn and 8-oxo-Gsn levels in urine. Immunohistochemical staining was performed to detect the expression of 8-oxo-Gsn and 8-oxo-dGsn in the ileum, colon, liver, spleen, and brain.

Research results
[bookmark: OLE_LINK378][bookmark: OLE_LINK379]Intestinal infection induced by S. flexneri caused an increase in inflammation-related markers in the blood [WBCs, CRP, tumor necrosis factor α (TNF-α), interleukin (IL)-6, IL-10, IL-1β, IL-4, and IL-17a] and RNA oxidative damage-related markers in the urine (8-oxo-Gsn). The urinary 8-oxo-Gsn level increased after infection and returned to the baseline level after recovery from infection. A correlation analysis showed that urinary 8-oxo-Gsn was positively correlated with the WBC count and the cytokines IL-6, TNF-α, IL-10, IL-1β, and IL-17α. The evaluation of oxidation in different tissues showed that intestinal infection caused by S. flexneri induced an increase in RNA oxidative damage in various tissues, including the intestine, liver, spleen, and brain.

Research conclusions
[bookmark: OLE_LINK380][bookmark: OLE_LINK381]This study demonstrated that acute intestinal infection induced by S. flexneri not only causes RNA oxidative damage in the intestine but also other tissues as well (liver, spleen, and brain). Furthermore, the urinary metabolite of RNA oxidation 8-oxo-Gsn was shown to be useful as a diagnostic index to evaluate the infection status.

Research perspectives
[bookmark: OLE_LINK382][bookmark: OLE_LINK383]Urinary 8-oxo-Gsn can be used as a noninvasive diagnostic biomarker to evaluate the severity and prognosis of infection in clinical practice.
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[bookmark: OLE_LINK394][bookmark: OLE_LINK395][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Figure 1 Pathogen colonization, intestinal inflammation, and changes in the white blood cell count and C-reactive protein level after Shigella flexneri infection in rats. A: Quantitative detection of Shigella flexneri (S. flexneri) in feces of Sprague-Dawley rats after infection; B-G: Representative hematoxylin & eosin (H&E) staining (100 × magnification) of colon tissue from control and S. flexneri-infected groups; B: H&E staining of normal colon tissue in the control group; C: H&E staining of colon tissue after S. flexneri infection at day 1; D: H&E staining of colon tissue on day 5; E: H&E staining of colon tissue on day 9; F: H&E staining of colon tissue on day 18; G: Inflammation scores of the control and infection groups at different time points; H: White blood cells counts in the S. flexneri infection and control groups; I: C-reactive protein in the S. flexneri infection and control groups. aP < 0.05; bP < 0.01; and cP < 0.001. Scale bar, 100 μm. Black arrows indicate inflammatory cell infiltration. PBS: Phosphate-buffered saline; WBC: White blood cell; CRP: C-reactive protein; CFU: Colony-forming units; S. flexneri: Shigella flexneri.
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[bookmark: OLE_LINK396][bookmark: OLE_LINK397][bookmark: OLE_LINK73][bookmark: OLE_LINK75][bookmark: OLE_LINK595][bookmark: OLE_LINK596][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK593][bookmark: OLE_LINK594][bookmark: OLE_LINK15]Figure 2 Inflammatory cytokines interleukin-6, tumor necrosis factor-α, interleukin-1β, interleukin-17α, and interleukin-10 detected in serum samples of Shigella flexneri infected rats. A: Interleukin (IL)-6; B: Tumor necrosis factor-α; C: IL-1β; D: IL-17α; E: IL-10. 0: Before infection. 1-18: The number of days after the establishment of the Shigella flexneri infection model. n = 12 per group on day 0 and day 1; n = 9 per group on day 5; n = 6 per group on day 9; n = 3 per group on day 18. Data are presented as the mean ± SEM. aP < 0.05; bP < 0.01; and cP < 0.001 (two-tailed unpaired Student’s t-test). PBS: Phosphate-buffered saline; IL: Interleukin; TNF: Tumor necrosis factor.
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[bookmark: OLE_LINK398][bookmark: OLE_LINK399]Figure 3 Liquid chromatography-tandem mass spectrometry measurement of 8-oxo-7,8-dihydroguanosine and 8-oxo-7,8-dihydro-2-deoxyguanosine in the urine of Sprague-Dawley rats. A: Urinary 8-oxo-7,8-dihydroguanosine; B: Urinary 8-oxo-7,8-dihydro-2-deoxyguanosine. n = 12 per group on day 0 and day 1; n = 9 per group on day 3 and day 5; n = 6 per group on day 9; n = 3 per group on day 13, day 15, and day 18. 0: Before infection. 1-18: The number of days after the establishment of the Shigella flexneri infection model. aP < 0.05. 8-oxo-Gsn: 8-oxo-7,8-dihydroguanosine; 8-oxo-dGsn: 8-oxo-7,8-dihydro-2-deoxyguanosine.
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[bookmark: OLE_LINK400][bookmark: OLE_LINK401][bookmark: OLE_LINK68][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK606][bookmark: OLE_LINK607]Figure 4 Immunohistochemical staining for 8-oxo-7,8-dihydroguanosine in tissues. A: Representative images showing immunohistochemical staining (400 × magnification) of 8-oxo-7,8-dihydroguanosine (8-oxo-Gsn) in paraffin-embedded colon sections from rats. Left panel images (PBS) indicate the results of the control group. Middle panel images (D1) indicate the results one day after Shigella flexneri (S. flexneri) infection. Right panel images (D5) indicate the results five days after S. flexneri infection; B: Immunohistochemical staining for 8-oxo-Gsn in ileum sections; C: Immunohistochemical staining for 8-oxo-Gsn in liver sections; D: Immunohistochemical staining for 8-oxo-Gsn in spleen sections; E: Immunohistochemical staining for 8-oxo-Gsn in brain sections. Histogram: The quantitative analysis of immunohistochemical staining of 8-oxo-Gsn in tissues of the infection and control groups. Scale bar, 50 μm. aP < 0.05. The immunohistochemical images were analyzed using the Image Pro-Plus (IPP) software. The integrated optical density (IOD) is a representative parameter for assessing the immunostaining quantiﬁcation in the IPP analyses, and it indicates the total amount of staining material in that area. IOD: Integrated optical density.
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[bookmark: OLE_LINK402][bookmark: OLE_LINK403][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK18][bookmark: OLE_LINK19]Figure 5 Immunohistochemical staining for 8-oxo-7,8-dihydro-2-deoxyguanosine in tissues. A: Representative images showing immunohistochemical staining (400 × magnification) of 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxo-dGsn; a DNA oxidative damage marker) in colon sections of rats. Left panel images (PBS) indicate the results of the control group. Middle panel images (D1) indicate the results one day after Shigella flexneri (S. flexneri) infection. Right panel images (D5) indicate the results five days after S. flexneri infection; B: Immunohistochemical staining for 8-oxo-dGsn in ileum sections; C: Immunohistochemical staining for 8-oxo-dGsn in liver sections; D: Immunohistochemical staining for 8-oxo-dGsn in spleen sections; E: Immunohistochemical staining for 8-oxo-dGsn in brain sections. Histogram: The quantitative analysis of immunohistochemical staining of 8-oxo-dGsn in tissues from the infection and control groups. Scale bar, 50 μm. aP < 0.05. IOD: Integrated optical density.
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[bookmark: OLE_LINK608][bookmark: OLE_LINK609][bookmark: OLE_LINK610][bookmark: OLE_LINK4744][bookmark: OLE_LINK615][bookmark: OLE_LINK616][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK614][bookmark: OLE_LINK591][bookmark: OLE_LINK592]Figure 6 Receiver operator characteristic curves of 8-oxo-7,8-dihydroguanosine, white blood cell count, C-reactive protein, interleukin-6, tumor necrosis factor α, interleukin-1β, interleukin-17α, and interleukin-10 for assessing the infection status. A: Receiver operator characteristic (ROC) curve of urinary 8-oxo-7,8-dihydroguanosine; B: ROC curve of white blood cell count; C: ROC curve of C-reactive protein; D: ROC curve of interleukin (IL)-6; E: ROC curve of tumor necrosis factor α; F: ROC curve of IL-1β; G: ROC curve of IL-17α; H: ROC curve of IL-10. ROC: Receiver operator characteristic.
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