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ARTICLE INFO ABSTRACT

Keywords: Despite extensive investigations, urosepsis remains a life-threatening and high-mortality illness.
Urosepsis The absence of widely acknowledged animal models for urosepsis prompted this investigation
Mice

with the objective of formulating a replicable murine model. Eighty-four adult male C57BL/6J
mice were arbitrarily distributed into three cohorts based on the concentration of the Escherichia
coli (E. coli) solution administered into the renal pelvis: Sham, Low-grade sepsis (1.0 x 108 cfu/
mL), and High-grade sepsis (1.0 x 10° cfu/mL). By fabricating a glass needle with a 100 pm outer
diameter, bacterial leakage during renal pelvic injection was minimized. After the ureteral liga-
tion, the mice were injected with this needle into the right renal pelvis (normal saline or E. coli
solution, 1 ml/kg). Ten days post after E. coli injection, the mortality rates for the Low-grade
sepsis and High-grade sepsis groups stood at 30 % and 100 %, respectively. Post-successful
modeling, mice in the urosepsis cohort exhibited a noteworthy reduction in activity, body tem-
perature, and white blood cell count within a 2-h timeframe. At the 24-h mark post-modeling,
mice afflicted with urosepsis displayed compromised coagulation functionality. Concurrently,
multiple organ dysfunction was confirmed as evidenced by markedly elevated levels of inflam-
matory factors (IL-6 and TNF-a) in four distinct organs (heart, lung, liver, and kidney). This study
confirmed the feasibility of establishing a standardized mouse model of urosepsis by ureteral
ligation and E. coli injection into the renal pelvis. A primary drawback of this model resides in the
mice’s diminished blood volume, rendering continuous blood extraction at multiple intervals
challenging.

Animal model
Escherichia coli
Pathophysiology

1. Introduction

Sepsis is categorized as a perilous pathological condition whereby the dysregulated immune response to an infection results in
organ dysfunction [1]. Moreover, urosepsis is an equivalent affliction that emanates from a urinary tract infection, accounts for 9-31 %
of sepsis and has a mortality of 20-40 % [2,3]. The gravity of these medical enigmas is widely known among hospitals and healthcare
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professionals worldwide. However, the pathophysiological mechanism of sepsis is extremely complex and is not fully understood
today. Presently, it is posited that bacterial or bacterial cell wall components function as pathogen-associated molecular patterns
(PAMPs), binding to pattern recognition receptors (PRRs) on the surfaces of macrophages, neutrophils, endothelial cells, or urothelial
cells in the presence of infection [4,5]. The transcription factor NF-kB orchestrates the generation of pro-inflammatory cytokines such
as IL-6, IL-12, and TNF-a. The production of additional mediators (chemokines, prostaglandins, thrombin, and leukotrienes) con-
tributes to the "inflammatory cytokine storm." Concurrently or subsequently, heightened secretion of anti-inflammatory cytokines and
coinhibitory molecules, diminished expression of human leukocyte antigen-DR (HLA-DR), immunocyte apoptosis, and the prolifera-
tion of regulatory cells culminate in immunosuppression, augmenting susceptibility to opportunistic infections—the primary etiology
of adverse prognosis in septic patients [6].

Endotoxin or bacterial injection, ascending colon stent peritonitis (CASP), and cecal ligation and puncture (CLP) are prevailing
sepsis models [7]. Among these, the mouse CLP model in the realm of experimental sepsis has ascended to eminence, currently
recognized as the quintessential benchmark for sepsis research. Nevertheless, there exists a discernible scarcity of widely employed
and standardized animal models pertaining to urosepsis. Certain scholars revealed that a urosepsis model can be established via
intrarenal infusion of Escherichia coli into New Zealand rabbits’ renal pelvis [8,9]. Recently, some scholars have attested to the efficacy
of the Wistar rat model for urosepsis [10]. Existing animal models of urosepsis involve ligating the distal ureter while simultaneously
injecting Escherichia coli through the proximal ureter, inducing renal pelvis hypertension and bacterial translocation from the col-
lecting system into the bloodstream. This approach effectively mirrors the clinical pathogenic mechanisms of urosepsis. However, for
New Zealand rabbits or Wistar rats, due to the absence of specific antibodies or transgenic animals, subsequent foundational mech-
anistic studies are impeded. Consequently, only physiological explorations can be conducted at present [9]. Given mice’s widespread
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Fig. 1. Experimental procedure. Multiple organ failure was induced by ligation of ureter and injection of Escherichia coli into renal pelvis, and a
stable urosepsis model was obtained.
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use as model organisms in experimental research, a standardized mouse model of urosepsis would facilitate swift exploration of
urosepsis’ pathophysiological mechanisms.

Our study endeavored to create a consistent and replicable urogenic sepsis model in mice by ligating the ureter and administering
Escherichia coli intrarenally in the renal pelvis. We gauged the soundness of the urosepsis model by monitoring survival rates, body
temperature, symptomology scores, investigating changes in blood routine and inflammatory factors, and validating heart, lung, liver,
and kidney’s multi-organ impairment. This standardized mouse model of urosepsis has great potential in elucidating the underlying
pathophysiological mechanisms of urosepsis, and provides valuable tools for identifying early diagnostic markers and treatment
targets.

2. Materials and methods
2.1. Animal

We procured adult male C57BL/6J mice (weight: 25-30g, aged 9-10 weeks) from Beijing Speford Biotechnology Co. (Beijing,
China) for our study. All experiments were conducted at the Animal Research Institute of Peking University Health Science Center after
obtaining clearance from the Institutional Animal Care and Use Committee of Peking University Health Science Center (Animal
Protocol: BCJC0117). The mice were acclimatized to the laboratory conditions for 7 days in an environment with regulated humidity
(45-55 %), temperature (21-25 °C), and a 12-h light/dark cycle.

2.2. Experimental procedures

In our study, we randomly divided 84 male C57BL/6J mice into three groups based on the concentration of Escherichia coli solutions
injected into their renal pelvis: Sham (injected with saline), Low-grade sepsis (injected with 1.0 x 108 cfu/mL E. coli), and High-grade
sepsis (injected with 1.0 x 10° cfu/mL E. coli). Preceding the experiment, the mice underwent an overnight fasting period with un-
restricted access to water. To begin the experiment, the mice were anesthetized by 1 % sodium pentobarbital (50 mg/kg, i.p.) [11,12].

After anesthesia, we sterilized the right abdominal skin of the mice with 75 % alcohol. We made a 0.5 cm oblique incision along the
right costal margin 0.5 cm below, separated the epidermis and muscle layer to expose the kidney, without touching it. Then, the kidney
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Fig. 2. The preparation process of glass needle. The preparation of glass needles can refer to the patch clamps preparation process. The glass needle
prepared by this method can avoid bacterial outflow from the renal pelvis.
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was gently extruded by applying steady, gentle pressure to the abdomen with the fingers [13]. Subsequently, we exposed the mouse
ureter, ligated it with 4-0 silk 0.5 cm from the renal pelvis, exposed the renal pelvis, and injected a 100 pL microsyringe (Gaoge In-
dustry and Trade Co., Shanghai, China) combined with a glass needle (100 pm in diameter) into the renal pelvis. The injection di-
rection was horizontal towards the renal parenchyma. We injected Groups Low-grade sepsis and High-grade sepsis with 1 ml/kg of
E. coli solution in the right renal pelvis at concentrations of 1.0 x 10% and 1.0 x 10° cfu/ml, respectively. We also injected 1 ml/kg of
saline into the right renal pelvis of the control group. We ensured that all injection fluids were stained with trypan blue dye to confirm
that there was no obvious leakage during the injection. After the injection, we sutured the mice and administered postoperative
analgesic tramadol hydrochloride (10 mg/kg, s.c.) (Fig. 1).

In each group, 10 mice were selected for continuous monitoring of their activity scores postoperatively. Anal temperature mea-
surements were taken at specific intervals (2h, 12h, 36h, and subsequently every 24h), and observations continued until euthanasia on
the 10th day. Survival curves were then compiled based on the collected data.

Additionally, 18 mice were selected from each group for blood sampling at three postoperative time points (Oh, 2h, 24h) via cardiac
puncture. Some fresh blood samples were subjected to routine blood tests and blood cultures. The remaining blood samples were
processed using a cryogenic centrifuge (CF1524R, SCILOGEX Co., USA) at 3000 rpm for 10 min, and the supernatant was stored at
—80 °C for biochemical analysis. Simultaneously, after thorough perfusion with 0.01 mol/L PBS solution, tissues from the heart, liver,
lungs, and kidneys were excised. The harvested tissues were fixed in 4 % paraformaldehyde and stored in a refrigerator at 4 °C.

2.3. The preparation process of glass needle

The preparation of glass needles can refer to the patch clamps preparation process [14]: Firstly, insert a borosilicate glass capillary
(Sutter instrument Co., USA) into the puller (P-97, Sutter instrument Co., USA) and heat it to a specific temperature. Then, use the
puller to stretch the heated glass capillary, which will form a tapered tip at the middle of the capillary. Once the desired taper shape is
achieved, stop pulling and let the glass cool down. Next, break off the glass capillary at the middle part to obtain a glass needle of the
desired size (100 pm diameter). Finally, clean the newly extracted glass needle with a mixture of nitric acid, hydrochloric acid, and
ethanol to remove any impurities (Fig. 2).

2.4. Bacterial culture

Escherichia coli, abbreviated as E. coli (ATCC 25922) (Feimobio Co., Beijing, China) was cultivated on McConkey Agar (Sangon
Biotech Co., Shanghai, China) for 24 h at a temperature of 37 °C to allow for the formation of individual colonies. Subsequently, a
solitary bacterium colony was selected and introduced into LB medium at 37 °C with agitation at 200 revolutions per minute for a
duration of 18-24 h. The bacterial medium underwent precipitation via centrifugation at 2000g for 10 min before being resuspended in
saline to achieve a concentration of 1.0 x 10%, 1.0 x 10° cfu/mL. In order to ensure accurate measurement of bacterial concentrations,
bacterial suspensions underwent evaluation utilizing a bacterial turbidimeter (Thermo Fisher Scientific, USA).

Following the inoculation of E. coli for 24 h, blood samples were introduced onto MacConkey agar for 24 h at 37 °C. The presence of
pink colonies confirmed the existence of E. coli in the blood.

2.5. Physical observations

Following the intrapelvic injection of Escherichia coli into the renal pelvis, mice were subjected to a general response assessment at
2h, 12h, 36h, and subsequently every 24h. The assessment encompassed consciousness, activity, weakness, and mortality rates,
concomitant with anal temperature measurements. Mice were euthanized once their behavior score reached 1, whereby 1 indicated a
state of Moribund, in accordance with the methodology described by Yang et al. [15]. Euthanasia was executed via intraperitoneal
injection of a 1 % dose of sodium pentobarbital at 250 mg/kg [16,17].

2.6. Blood routine and biochemical tests

The White Blood Cell (WBC) counts and Blood Platelet Counts (PLT) were analyzed using an automatic hematology analyzer
(Thermo Fisher Scientific, USA). Meanwhile, heart function (measured via CK and LDH levels), liver function (measured via AST and
ALT levels) and renal function (measured via BUN and CRE levels) were evaluated employing an automatic biochemical analyzer
(Catalyst One, IDEXX Laboratories Co., Maine, USA).

2.7. Real-time PCR

As per the manufacturer’s specifications, total RNA was extracted from various tissues (heart, liver, lung, and renal) utilizing the
Tissue RNA Purification Kit Plus (ESscience Biotech, Shanghai, China). The quantification of RNA was performed at 260 nm/280 nm
using the NanoDrop (Thermo NanoDrop 2000, Thermo Fisher Scientific Co., MA, USA). Following the package instructions, 2 mg of
total RNA underwent reverse transcription to cDNA with the assistance of ABScript II RT Master Mix (ABclonal, Wuhan, China).
Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) was carried out on a Bio-Rad (Hercules, CA, USA) CFX96
system utilizing SYBR green to determine the mRNA expression level of the gene of interest. The primer sequence is outlined in
Table S1. GAPDH was employed as an internal reference control for normalization, and the relative mRNA expression level for each
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target gene was assessed using the 2—AACT method.

2.8. Western blotting analysis

The tissues underwent complete lysis in RIPA buffer supplemented with 1 % protease inhibitor and 1 % PMSF, both sourced from
Sigma-Aldrich (St. Louis, MO). A total of 200 pg protein underwent separation through 10-12.5 % SDS-PAGE electrophoresis and was
subsequently transferred onto a polyvinylidene fluoride membrane (Millipore, IPVH00010). Following a 1-h blocking step with 5 %
skim milk at room temperature, the membrane was initially probed with the primary antibody overnight at 4 °C (Table S2). Subse-
quently, it was incubated with the secondary antibody (Table S3), at room temperature for an additional 1 h. Then, the bands on the
membrane were visualized and detected using the iBright imaging system (FL1500, Thermo Fisher Scientific Co., MA, USA).

2.9. Hematoxylin and eosin (HE) staining

Heat the tissues that are embedded in paraffin on a hot plate at a high temperature of 60 °C for over 4 h to ensure proper adherence
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to the slides and facilitate enhanced deparaffination. Proceed to submerge the sample-laden slides in xylene twice, with each sub-
mergence lasting for approximately 30 min. Then, dip the slides consecutively in anhydrous ethanol, followed by 95 %, 85 %, and 75 %
alcohol, concluding with deionized water for 5 min each. Submerge the tissues in a hematoxylin staining receptacle for approximately
10 min. Subsequently, delicately rinse them under flowing water for 5 min. Immerse the slides in an eosin staining receptacle for 10 s
before subjecting the samples to dehydration in solutions of 75 %, 85 %, 95 %, and anhydrous ethanol, each time for 5 min. Render the
tissue sections transparent by immersing them in xylene for 5 min. Finally, secure the section by applying around 60 pL of neutral resin
drops and carefully positioning the cover slide onto the section.

2.10. Immunohistochemical (IHC)

Tissue sections fixed with paraformaldehyde and embedded in paraffin were initially subjected to deparaffinization. Subsequently,
endogenous peroxidase activity was suppressed using hydrogen peroxide. Antigen retrieval was accomplished through microwave
irradiation. The specified primary antibody (Table S2) and secondary antibody (Table S3) were applied to the sections following the
recommended protocols provided by the manufacturer. All slides were scrutinized under an inverted microscope at a magnification of
200 x .
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Fig. 4. Heart injury in the mouse model of urosepsis. (A) Representative images of hematoxylin and eosin (H&E) staining of heart tissue from the
control and sepsis groups, immunohistochemical analysis of IL-6 and TNF-a in heart tissue. (B, C) Serum CK and LDH levels in mice 24 h after E. coli
or saline inoculation of the renal pelvis. (D) The relative mRNA levels of IL-6 and TNF-a in the heart tissue. (E) Expressions of IL-6 and TNF-a in heart
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2.11. Statistical analysis

All experimental data were presented as means + standard error. Statistical analyses were conducted using Student t-tests or one-
way ANOVA, with P < 0.05 deemed to represent statistical significance.

3. Results
3.1. Surgical methods and critical points of the mouse urosepsis model

To investigate the mechanisms underlying urosepsis, we endeavored to establish a mouse urosepsis model (Fig. 1). Briefly, we
performed right ureter ligation and subsequently delivered a limited volume of E. coli via renal pelvic injection using a fine glass needle
(Fig. 2), in order to prevent bacterial outflow from the renal pelvis. Six mice were sacrificed at Oh, 2h, and 24 h after surgery to evaluate
the model by collecting blood and organs, while the remaining 10 mice were monitored for survival. We encountered significant
difficulty in establishing the urosepsis model due to the slender dimensions of the mouse renal pelvis and ureter, which had a width of
approximately 1 mm. Standard 32G puncture needles have an external diameter of around 0.23 mm with beveled edges, necessitating
that the bevel of the needle is entirely within the renal pelvis prior to injection. However, even slight instability during puncture could
cause damage to and rupture of the renal pelvis, resulting in fluid leakage. During pre-experimental work, we discovered that using
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glass needles with a diameter of 100 um proved effective in preventing leakage.

3.2. Characterization of urosepsis in mice

Our findings revealed that the renal pelvis injection of E. coli solution led to the demise of mice based on a 10-day survival analysis,
and the fatality rate exhibited correlation with the concentration of the E. coli. Mortality stood at 30 % in the low-grade sepsis cohort
and escalated to 100 % in the high-grade sepsis cohort (Fig. 3A). Concurrently, mice in the sepsis cohort displayed a reduction in
activity scores and body temperature post-modeling, with notable distinctions manifesting within 36 h (Fig. 3B and C). Additionally,
blood samples were procured at Oh, 2h, and 24h post-surgery, and the data demonstrated statistically significant alterations in WBC
counts compared to preoperative values in all subjects, excluding the control group, following a 2-h renal pelvis injection of E. coli
(Fig. 3D). The most pronounced changes were evident in the high-grade sepsis cohort, wherein the mean + SD of the WBC count was
1.94 £ 0.44 x 10°/L (Fig. 3D). Similarly, the variation in PLT levels was most prominent in the high-grade sepsis, exhibiting a mean +
SD value of 126.0 =+ 13.4 x 10°/L (Fig. 3E). Subsequent to a 24-h period post-E. coli or saline injection, blood cultures were conducted
on all subjects, yielding positive results in the sepsis cohort and negative outcomes in the control group (Fig. 3F).

3.3. Heart injury in urosepsis mice
The High-grade sepsis group was compared to the control group, with tissue sections revealing obvious interstitial inflammatory
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infiltration and edema in the myocardium of the sepsis group (Fig. 4A). IHC analysis conducted on paraffin-embedded heart tissues
demonstrated significantly elevated levels of IL-6 and TNF-q, particularly in the epicardium of the sepsis group as opposed to the
control group (Fig. 4A). Concurrently, commonly used indicators for assessing cardiac function, CK and LDH, showed substantial
increases in the sepsis group (Fig. 4B and C). Furthermore, there were statistically significant variations in IL-6 and TNF-o mRNA levels
in heart tissues between the sepsis and the control group (p < 0.05) (Fig. 4D). The protein expression levels of IL-6 and TNF-a were also
found to be elevated in the heart tissue of the high-grade sepsis group when compared to the control group (Fig. 4E-G, S1-53).

3.4. Lung injury in urosepsis mice

The histological examination of lung tissues in the sepsis group and the control group revealed notable differences. In the sepsis
group, obvious inflammatory cell infiltration and even abscess formation were observed in the alveolar wall and cavity, and cilia of
bronchial epithelial cells showed obvious atrophy and destruction (Fig. 5A). IHC analysis conducted on paraffin-embedded lung tissues
showed a significant increase in the levels of IL-6 and TNF-« in the sepsis group compared to the control group. This increase was
particularly pronounced in the vascular endothelium and bronchial epithelium (Fig. S5A). Moreover, the expression levels of IL-6 and
TNF-o mRNA in lung tissues of the sepsis mice were found to be significantly different from those in the control group (p < 0.05)
(Fig. 5B). The expression levels of IL-6 and TNF-a proteins in lung tissue of the sepsis group were higher than those in the control group
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(Fig. 5C-E, S1-S3).
3.5. Liver injury in urosepsis mice

The histopathological examination of liver sections from septic mice provided insights into the liver injury associated with sepsis,
including inflammatory infiltration, disordered cell arrangement, vacuolar necrosis, and duct hyperplasia (Fig. 6A). Multiple liver
abscesses were also observed, and the expression of inflammatory factors at the abscess site was significantly increased (Fig. 6A).
Furthermore, biochemical analysis indicated elevated serum levels of ALT and AST in the sepsis group, which suggested liver damage
caused by sepsis (Fig. 6B and C). Besides, RT-PCR analysis of liver tissues showed a significant increase in the relative expressions of IL-
6 and TNF-o mRNA in the sepsis group (p < 0.05) (Fig. 6D). Western blot analysis also supported these findings (Fig. 6E-G, S1-S3).

3.6. Kidney injury in urosepsis mice

HE staining of right renal tissue in the sepsis mice revealed prominent characteristics of renal injury. Notable observations included
vacuolar degeneration and necrosis of renal tubular epithelial cells, and extensive inflammatory cell infiltration (Fig. 7A). Addi-
tionally, the glomeruli exhibited significant erythrocyte blockage, while no erythrocyte or inflammatory cell infiltration was observed
in the Bowman’s capsule (Fig. 7A). IHC staining of kidney tissue further highlighted the extent of the inflammatory response, showing
widespread overexpression of inflammatory factors (Fig. 7A). To assess kidney function, Cre and BUN levels were measured 24 h after
injection. The results indicated elevated levels of both Cre and BUN in the sepsis group (Fig. 7B and C). Besides, RT-PCR analysis of
mouse kidney showed that the relative mRNA levels of inflammatory cytokines were significantly higher than those of the control
group (Fig. 7D). Finally, we found that the protein expression levels of IL-6 and TNF-a were significantly increased in the sepsis group
compared with the control group by IHC and Western blot analysis of renal tissues (Fig. 7E-G, S1-S3).

4. Discussion

The study describes the establishment of a standardized mouse model of urosepsis through a specific procedure. The method
involved ligating E. coli solution injected into the renal pelvis after unilateral ureter ligation. The experimental results indicate that we
successfully achieved the objective of establishing a consistent urosepsis model in mice.

Over the past thirty years, the age-standardized incidence rate of sepsis has experienced a reduction of 37.0 %, and the mortality
rate has decreased by 52.8 % globally [18]. Nonetheless, urosepsis constitutes 8.6 %-30.6 % of sepsis cases, with its incidence having
significantly increased by 8.7 % annually, due to the widespread availability of upper urinary tract endoscopic surgeries [18-20]. In
order to maintain a clear surgical field during the intracavity lithotripsy of the upper urinary tract, and to prevent thermal damage to
the ureter caused by the crushing of stones, it is necessary to continuously infuse physiological saline into the ureter and renal pelvis.
Bacteria present in the patient’s urine and stones can rapidly enter the bloodstream due to high pressure in the renal pelvis during
surgery, leading to some patients developing sepsis [3,21].

As a clinical syndrome with multiple organ failure as the main criterion, sepsis has complex and diverse etiologies, and the patient’s
disease progression can vary greatly, making it difficult to distinguish sepsis subgroups in clinical practice [22,23]. Nonetheless,
urosepsis patients have characteristics such as a more concentrated pathogen type and a clear time of infection entry into the
bloodstream (which is the time of renal pelvis perfusion during lithotripsy surgery for urosepsis patients) [21]. Therefore, there is great
potential to discover corresponding early screening indicators and treatment targets. From this perspective, urosepsis is a worthy sepsis
subclass to study. However, existing animal models cannot meet the current research status. The CLP mouse model, as the gold
standard for sepsis animal models, has a modeling process that is closer to the perforation process of acute appendicitis in clinical
practice, and does not reflect the pathological process of urosepsis very well [24]. In addition, although the urosepsis models based on
rats and rabbits can reflect the bacterial entry into the bloodstream in urosepsis well, because rats and rabbits are not model organisms,
there is a lack of corresponding transgenic animals and monoclonal antibodies in many key pathways studied, such as necrosis/a-
poptosis and HMGB1 [25], which are currently popular in sepsis research. Therefore, we believe that establishing a urosepsis mouse
model is of great significance for studying the mechanism of post-lithotripsy urosepsis.

Presently, two aspects warrant consideration in understanding the mechanism of urosepsis following endoscopic lithotripsy. One
aspect involves most patients with stones exhibiting bacterial infections in their urine, with Escherichia coli accounting for 43 % of such
diagnoses [26]. On the other hand, continuous infusion of normal saline during the operation induces high pressure in the renal pelvis,
leading to bacteria and endotoxin rapidly entering the bloodstream from the collecting system [27,28]. Wu et al. established a uro-
sepsis model in New Zealand rabbits by injecting E. coli solutions into the ureter at a dose of 2 ml/kg to maintain intrapelvic hy-
pertension [8]. Cao et al. demonstrated that a suitable sepsis model can be established by injecting a dosage of 3 ml/kg into the dilated
ureter of Wistar rats, with the ureter ligated 24 h beforehand [10]. However, the ureter of mice is too thin, making it challenging to
perform injections even after ligating the ureter beforehand. Therefore, we devised a mouse model of urosepsis referencing the
operation of the mouse renal pelvis injection model. Preliminary experiments have shown that when using a regular insulin needle for
intrapelvic injection, the relatively thick mouse ureter and the angled needle design can cause leakage by enlarging the puncture site,
which cannot guarantee high pressure in the renal pelvis. Therefore, we refer to the patch clamp manufacturing method to produce
glass needles with different diameters (50 pm, 100 pm, 150 pm) to connect to a microinjector [14]. Compared to regular insulin
needles, these needles are thinner and less likely to damage the renal pelvis. Our pre-experiments have found that using a 100 pm
diameter needle for intrapelvic injection does not result in any noticeable Evans blue staining leakage, nor does it lengthen the
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injection time due to a too-small needle diameter. After numerous attempts, we found that injecting 1 ml/kg of E. coli into the renal
pelvis of mice can lead to rapid death. Autopsies on the dead mice showed enlarged right kidneys, thin renal parenchyma, intact renal
cysts without rupture, confirming that the injection dosage meets the requirement of high pressure in the renal pelvis.

In our study, we observed a significant decrease in peripheral blood WBC count at 2 h after surgery in the High-grade sepsis group
compared to the control group. This is consistent with previous studies that found a significant decrease in WBC counts 2 h after
urogenic sepsis formation in rabbits and rats [8,10]. The main reason for the reduction in leukocyte level is likely due to the large
amount of endotoxin that enters the bloodstream, causing leukocytes to adhere to the vascular wall and recruit to various organs and
tissues [5,29]. At the same time, there was also a trend of decreased platelet levels, which reached a significant difference at 24 h. This
may be related to the activation of the coagulation cascade caused by severe infection, leading to widespread platelet recruitment and
the formation of disseminated thrombi, indicating the failure of coagulation function [30,31].

The host inflammatory response is a balancing act between proinflammatory and anti-inflammatory factors [6]. During the initial
phases of sepsis, the activation of the host’s innate immune system triggers the release of substantial quantities of pro-inflammatory
mediators, encompassing IL-6 and TNF-a, along with diverse chemokines [32]. The expressions of IL-6 and TNF-« in various sepsis
animal models exhibited a marked elevation compared to those in the normal group [33]. Our investigation discerned heightened
expression levels of major inflammatory factors in multiple organs of urosepsis mice, culminating in pronounced dysfunction across
various organs.

In 2016, the definition of sepsis was updated and this new definition places more emphasis on the severity of multiple organ
damage, quantified by sequential organ failure assessment (SOFA) score [34]. The SOFA score includes six indicators, including
oxygenation index, platelet count, bilirubin, mean arterial pressure, Glasgow coma scale and serum creatinine, to evaluate respiratory,
coagulation, liver, cardiovascular, central nervous system and renal damage, respectively [35]. In our study, we found that septic mice
had impaired coagulation function, mainly manifested as a decrease in platelet count. We also observed significantly higher levels of
inflammatory factors in four different organs of the sepsis group compared to the control group, confirming damage to these organs in
our mouse model of urosepsis.

Compared to existing animal models of urosepsis, such as New Zealand rabbits and Wistar rats, which lack effective research tools
like antibodies against rabbits/rats and gene knockout animals, mice are the most widely used and do not require ligation of the ureter
24 h in advance for puncture. Skilled operators can establish the model for each mouse in just 20 min. Besides, good reproducibility of
the model and lower feeding costs for mice are certainly advantageous factors for large-scale experiments. With further validation and
optimization, this model can be widely used in the research and study of urosepsis (Table 1).

4.1. Limitation of the study

However, the mouse model also has its limitations, notably the challenge of obtaining a limited volume of blood in a single
extraction, making it difficult to consecutively draw blood at multiple time points without impacting mouse survival (Table 1). Despite
mice being the most commonly utilized animal model, some studies suggest limitations in replicating genomic responses seen in
human inflammatory diseases [36,37]. While many researchers unanimously regard animal studies as a fundamental component in
improving patient outcomes, it’s crucial to acknowledge the known limitations in translating findings from mice to humans clinically
[38,39]. Any study involving mice merely represents the initial phase of an extensive process. Therefore, as we refine existing animal
models based on these acknowledged limitations, subsequent validation steps need to be undertaken with caution.

5. Conclusion

Presently, extant animal models for urosepsis primarily rely on rabbits and rats, offering a representation of the pathogenesis
inherent in human urosepsis. Nevertheless, the inherent constraints in effective research tools for rabbit/rat antibodies, gene knockout
animals, and other indispensable investigative instruments impede the progression of mechanistic inquiries. In contrast, our inves-
tigation introduces an innovative mouse urosepsis model characterized by expedited modeling, enabling large-scale experiments, and
authentically capturing the characteristics of the disease. This model affords researchers the opportunity to delve into diverse facets of
urosepsis, encompassing the repercussions of inflammatory factors and organ impairment, thereby fostering the development of
potential interventions for this menacing ailment.

Table 1
Advantages and disadvantages of existing animal models of urosepsis.
Species Advantages Disadvantages Range of application
Mouse Short modeling time, Low blood volume, Basic mechanism of
Can be raised on a large scale, Can not be sampled continuously. urosepsis.

There are specific antibodies and gene
knockout animals.

Rat Can be sampled continuously. Long modeling time (The ureter should be ligation 1 day in advance to  Physiology of
ensure that the ureter is dilated). urosepsis.

New Zealand Can be sampled continuously. More expensive, Physiology of
rabbit Difficulty in large-scale feeding. urosepsis.
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