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Background: Ketamine abuse has been linked to the system's damage, presenting with lower urinary tract 
symptoms (LUTS). While the pathogenesis of ketamine-induced urinary damage is not fully understood, 
fibrosis is believed to be a potential mechanism. A metabolomic investigation of the urinary metabolites in 
ketamine abuse was conducted to gain insights into its pathogenesis.
Methods: A rat model of ketamine induced bladder fibrosis was established through tail vein injection 
of ketamine hydrochloride and control group was established through tail vein injection of the equivalent 
normal saline. Hematoxylin and eosin (H&E) staining and Masson trichrome staining were performed 
to evaluated bladder pathology. Urinary components were detected based on a metabolomic approach 
using ultra-high performance liquid tandem chromatography quadrupole time of flight mass spectrometry 
(UHPLC-QTOFMS platform). Orthogonal projections analyzed the data to latent structures discriminant 
analysis (OPLS-DA) and bioinformatics analysis.
Results: The rat model of ketamine induced bladder fibrosis was confirmed through H&E and Masson 
trichrome staining. There were marked differences in the urinary metabolites between the experimental 
group and the control group. Compared to the control group, 16 kinds of differential metabolites were up-
regulated and 102 differential metabolites were down-regulated in the urine samples of the ketamine group. 
Bioinformatics analysis revealed the related metabolic pathways.
Conclusions: Using a ketamine-induced bladder fibrosis rat model, this study identified the differential 
urinary metabolites expressed following ketamine treatment. These results provide vital clues for exploring 
the pathogenesis of ketamine-induced LUTS and may further contribute to the disease's diagnosis and 
treatment.
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Introduction

Ketamine is a derivative of phencyclidine and has been 
used as an anesthetic in clinical practice since the 1960s (1).  
It was found to have hallucinogenic and psychoactive effects 
on ketamine abusers (2). In 2007, Shahani et al. were the 
first to report the lower urinary tract symptoms (LUTS) 
caused by ketamine abuse. The symptoms included severe 
dysuria, frequency, urgency, and gross hematuria (3). 
Severe clinical cases can present with thickening of the 
bladder wall and bladder contracture. In emergency cases, 
hydronephrosis, uremia, and other serious complications 
have also been reported (4-6). Life quality would be 
seriously affected by refractory LUTS, and the abusers 
may even encounter life-threatening situation (7). Some 
pathological studies have revealed bladder fibrosis in the 
ketamine abusers. Also, animals injected with ketamine can 
generate ketamine associated cystitis model (8-10). However, 
the pathogenesis of ketamine-induced LUTS is not fully 
understood. Furthermore, treatment regimens are limited, 
especially in patients with serious bladder contracture and 
renal insufficiencies. Therefore, it is essential to elucidate 
the mechanisms of ketamine-associated bladder fibrosis to 
improve chronic ketamine abusers’ prognosis.

Pathological studies have demonstrated urothelial 
ulceration, erosion, tearing and infiltration of inflammatory 
cells in the bladder of patients with ketamine-associated 
LUTS (11). Several investigations have suggested that 
the direct or indirect effects of ketamine and its urinary 
metabolites may be important in the pathogenesis of bladder 
inflammation, fibrosis, subsequent lesions (7,11). Therefore, 
this study examined the differential metabolites in the urine 
samples of rats with ketamine-induced bladder fibrosis. This 
will provide important insights into the pathogenesis of 
bladder fibrosis and facilitate its early detection by assessing 
the differential metabolites’ levels.

Metabolomics is an important branch of systems 
biology to identify different metabolite expression via high-
throughput methods (12). Metabolomics is divided into 
non-targeted metabolomics and targeted metabolomics. 
The former of which enables extensive screening of  
metabolites (13). High throughput detection of metabolomics 
can efficiently accomplish the qualitative and quantitative 
analyses of metabolites, and can further recognize the 
differential expression of metabolites in various groups. 
Identification of the differential metabolites will contribute 
to understanding the pathogenesis of ketamine-associated 
LUTS and may be applied to the disease’s diagnosis.

In this study, we established a rat model of ketamine 
induced bladder fibrosis. After confirming the fibrosis of 
bladder, we detect the differential urine metabolites and 
associated pathways based on metabolomics.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/tau-20-1202).

Methods

Rat model and the collection of urine samples

Experiments were performed under a project license (No. 
2018sydw0225) granted by experimental animal welfare 
center in Central South University, Hunan, China, in 
compliance with China’s “Animal management regulations” 
for the care and use of animals.

Female 8-week-old Sprague-Dawley (SD) rats (200–250 g) 
were purchased from Hunan Slack Jingda Experimental 
Animal Corporation (Hunan, China). The rats were 
housed in a specific pathogen-free (SPF) environment at 
room temperature (20–26 ℃) in 40–70% humidity under a 
12-hour/12-hour light/dark cycle, and given free access to 
food and water.

To establish a rat model of ketamine-induced bladder 
fibrosis, 20 SD rats were randomly divided into two 
groups, with 10 rats in each group. In the control group,  
2 mL normal saline was injected daily into the animals’ tail 
vein. In the experimental group, a 0.1 g/2 mL ketamine 
hydrochloride solution (Fujian Gutian Pharmaceutical Co. 
Ltd.) was injected daily into each rat’s tail vein. After 8 weeks 
of injections, urine was collected every morning for the first 
2 hours for 3 consecutive days. After collection, the urine 
samples were transferred to frozen tubes for centrifugation 
(4 ℃, 10,000 rpm, 10 min) and placed in liquid nitrogen for 
cryopreservation before analysis. The rats were anesthetized 
by pentobarbital injection (2%, 40 mg/kg) and sacrificed by 
cervical dislocation. After adequate perfusion of systemic 
tissues through cardiac infusion with 4% paraformaldehyde, 
bladder tissues were immediately removed and transferred to 
4% paraformaldehyde for fixation. 

Histopathological observation

Hematoxylin and eosin (HE) staining and Masson 
trichrome staining were performed to examine the bladder 
tissue histopathology. After 24 hours of fixation in 4% 
paraformaldehyde, bladder tissues were embedded in 
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wax blocks. Following this, 4 µm sections were dewaxed, 
rehydrated, and stained. A standard HE and Masson 
trichrome staining procedure was performed according to 
previous protocols (14,15).

Differential metabolomics detection 

For differential  metabolomic analyses,  100 μL of 
urine sample was mixed with 400 μL extract solution 
(acetonitrile:methanol =1:1) containing an internal standard 
(L-2-chlorophenylalanine, 2 μg/mL). The samples were 
sonicated for 10 min in ice-water bath after 60 s vortex. 
Then the samples were incubated at −40 ℃ for 1 hour and 
centrifuged at 10,000 rpm at 4 ℃ for 15 min. The samples 
were mixed with 200 μL of 50% acetonitrile after drying, 
sonicated on ice for ice and centrifuged at 13,000 rpm for 
15 min at 4 ℃. Furthermore, 10 μL of each sample were 
mixed to be the quality control (QC) sample.

The Agilent 1290 Infinity series ultra-high performance 
l iquid chromatography (UHPLC) System (Agilent 
Technologies) works with UPLC BEH Amide column 
(2.1×100 mm, 1.7 μm). The mobile phase A consisted 
of ammonium acetate and ammonia hydroxide. The 
mobile phase B consisted of acetonitrile. Elution gradient 
conditions were as follows: 0–0.5 min, 95% B; 0.5–7.0 min, 
95–65% B; 7.0–8.0 min, 65–40% B; 8.0–9.0 min, 40% B; 
9.0–9.1 min, 40–95% B; 9.1–12.0 min, 95% B. The auto-
sampler temperature was 4 ℃. The column temperature 
was 25 ℃ and the injection volume was 1 μL (positive) or  
1 μL (negative).

Data analysis

The mass spectrometry (MS) raw data (.wiff) files were 
converted to the mzXML format by ProteoWizard, 
and processed by R package XCMS (version 3.2). The 
procedure consisted of peak deconvolution, alignment and 
integration. The Minfrac index was 0.5 and the cut-off 
index was 0.6. MS2 database in-house was applied for the 
identification of metabolites. The Kyoto Encyclopedia of 
Genes and Genomes (KEGG, www.kegg.jp) online database 
was used to explore the metabolic pathways and function.

Statistical analysis

The experimental data were analyzed by SPSS statistical 
software (version 20.0). The measurement data were 
expressed as mean ± standard deviation and there are  

10 biological replications in each group. Data were 
statistically analyzed at P value less than 0.05.

Results

Hematoxylin and eosin staining and Masson trichrome 
staining of bladder tissue 

After consecutive 8 weeks intravenous injection of ketamine, 
bladder specimens were analyzed through HE and Masson 
trichrome staining. Representative bladder tissue sections 
are presented in Figure 1. Compared to the control group 
(Figure 1A), the bladder specimens in the ketamine-
treated group showed that the urothelium was denuded, 
accompanied by vascular congestion and inflammatory 
cell infiltration (Figure 1B). Bladder fibrosis was also 
confirmed through Masson trichrome staining (Figure 1D). 
Extracellular matrix (ECM) and collagen deposition were 
obvious in the ketamine treated group compared to the 
control group.

Orthogonal projections to latent structures-discriminant 
analysis (OPLS-DA) 

In order to visualize and further analysis the data, the results 
were examined using the OPLS-DA test. Orthogonal 
variables that were not related to the categorical variables 
were filtered out. to obtain more reliable group differences 
for the metabolites (Figure 2). The results indicated that all 
of the samples in both groups were in the 95% confidence 
interval. 

The OPLS-DA permutation test was used to evaluate 
the model’s validity using the R2Y (model interpretability 
of categorical variable Y) and Q2 (model predictability) 
values obtained after cross-validation. In addition, different 
random Q2 values were obtained by indiscriminately 
changing the order of the categorical variable Y several 
times (Figure 2). The results showed that the established 
model was consistent with the real sample data. Further 
analysis revealed that the original model demonstrated good 
robustness without any evidence of overfitting.

Expression of differential metabolites 

The detected differential metabolites were further screened 
though statistical analysis. The criteria were as following: 
Student’s t-test P value less than 0.05, and variable importance 
in the projection (VIP) value of OPLS-DA model was greater 
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Figure 1 Histopathological changes of bladder specimen induced by 8-week ketamine injection in rat. Comparison between the control 
group (A) and ketamine group (B) through HE staining showed urothelium desquamation (red arrow), inflammatory cell infiltration (blue 
arrow), vascular distension and congestion (yellow arrow) in ketamine group. Bladder fibrosis was confirmed via Masson trichrome staining 
in control (C) and ketamine group (D). It showed collagen deposition (green arrow). Original magnification ×100.
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Figure 2 Score scatter plot of OPLS-DA model for ketamine group vs. control group (A for negative ion and B for positive ion mode) and 
permutation test of OPLS-DA model for ketamine group vs. control group (C for negative ion and D for positive ion mode). OPLS-DA, 
orthogonal projections to latent structures-discriminant analysis.
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than 1. There were 118 differential metabolites identified 
according to the qualitative matching analysis of the secondary 
MS (Table S1). Heatmaps and volcano maps were used to 
represent the screened differential metabolites (Figure 3). Out 
of the 118 differential metabolites, 16 were up-regulated and 
102 were down-regulated (Table 1). The screened differential 
metabolites included myristoleic acid, L-homoserine, 
methamphetamine, dimethylformamide, anthranilic acid 
(vitamin L1), and others (Table 1).

Also, receiver operating characteristic (ROC) curves and 
box plots were used to find differential metabolites that 
were correlated with fibrosis trends. A total of 9 metabolites 
were identified with an area under the curve of ROC (AUC) 
greater than 0.9 (Figure 4). These differential expressed 
metabolites may be potential biomarkers in a rat model of 
ketamine induced bladder fibrosis.

Bioinformatics analysis of the differential expressed 
metabolites

The degree of correlation was measured by the correlation 

coefficient r, with positive correlations ranging from 0 to 
1 and negative correlations ranging from 0 to −1. When 
the absolute value of r is closer to 1, a stronger correlation 
of the different metabolites is indicated. The results 
are presented as heatmaps (Figure 5A). To explore the 
relationship between metabolites and regulatory networks, 
metabolites were located based on KEGG database 
with relative metabolic responses, metabolic pathways 
and regulatory proteins. (Figure 5B,C). Based on the 
KEGG database, networks describing the metabolic and 
physiological processes were shown in Figure 5D,E. The 
enriched pathway included biosynthesis of amino acids, 
pyrimidine metabolism, and more (Table 2).

Discussion

In this study, a rat model of ketamine induced bladder damage 
and fibrosis was established by tail vein injection of ketamine. 
The model was confirmed by HE and Masson trichrome 
staining. Also, this report investigated the differential 
expression of urinary metabolites based on a metabolomic 

A

B

Figure 3 Comparison of all differentially expressed metabolites levels in the ketamine and control groups. Heatmaps showed 118 significantly 
altered metabolites between these two groups (A). The colors correspond to the abundance value of each metabolite. Volcano map showed 
differentially expressed metabolites screened by VIP value >1 and P<0.05 (B). VIP, variable importance in the projection. 

https://cdn.amegroups.cn/static/public/TAU-20-1202-supplementary.pdf
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approach. A total of 118 differential expressed metabolites in 
urine samples were detected through metabolomic methods. 
Among them, hydroxyphenyllactic acid, epsilon-caprolactone, 
allocystathionine, methamphetamine, dimethylformamide, 
etc., were expressed differently, and the highest fold 
change reached to as high as 17. Myristoleic acid has been 
reported to induce apoptotic necrosis of prostate cells (16), 
L-homoserine may be involved in the induction of regulatory 
T cells (17), and dimethylformamide has been showed to 
be directly toxic to the kidneys (18). Some studies have 
been reported that the metabolites in urine may infiltrate 
into bladder urothelium, related to bladder damage (19). 
These results suggest that ketamine-induced bladder fibrosis 
may be related to its direct damage or metabolites, and 
immunomodulation. may be a potential pathogenesis. Also, 
methamphetamine, one of the differential metabolites in the 
ketamine-treated rats, has been reported to be involved in 
the urinary system’s impairment. These urinary metabolites 
should be considered when analyzing the mechanisms of 
ketamine-associated urinary dysfunction (20,21). 

There is currently no standardized method for establishing 
a rat model of ketamine induced urinary dysfunction, 
according to current literature the treatment concentrations 
were ranging from 5 to 60 mg/kg and treatment duration 
was ranging from 2 weeks to 4 months (9,22,23). In this 
study, animal model was established through tail vein 
injection of ketamine at 25 mg/kg for 8 consecutive weeks. 

Histopathological staining demonstrated bladder urothelial 
denudation, inflammatory cells infiltration, vasodilatation 
and extensive ECM deposition in the submucosa layer 
and between the detrusor muscle bundles, which indicated 
bladder inflammation and fibrosis. However, during  
8 weeks of ketamine treatment, some rats were comatose 
or even died after ketamine rapid injection, which could be 
due to the quick increase of blood ketamine concentration 
through intravenous injection. In the further study, different 
treatment methods and duration should be explored to 
develop improved animal model protocol or guideline.

Based on bioinformatics analysis, differential metabolites 
are enriched in pathways such as pyrimidine metabolism, 
amino sugar and nucleotide sugar metabolism, ATP-binding 
cassette (ABC) transporters, phenylalanine, tyrosine and 
tryptophan biosynthesis and biosynthesis of amino acids. 
Previous research highlighted that KRP-103 in pyrimidine 
metabolism is associated with bladder dysfunction (24). In 
distention-induced rhythmic bladder contractions (RBCs) 
in urethane-anesthetized guinea pigs, KRP-103 injected by 
intravenous dose-dependently increased the shutdown time 
of RBCs and decreased the amplitude of RBCs (24). Bicyclic 
pyrimidine derivatives may be a candidate therapeutic 
drug for the treatment of overactive bladder (24). Another 
study also indicated a correlation between phenylalanine 
and liver fibrosis (25). Combining metabolic pathways 
may provide novel ideas for studying bladder dysfunction 

Table 1 Partial results of differential metabolites in ketamine treated rat urine samples compared to control group

Metabolites VIP Fold change

Hydroxyphenyllactic acid 2.63 17.03

Epsilon-caprolactone 2.48 9.59

Allocystathionine 2.17 7.02

(+)-Methamphetamine 2.35 6.95

Dimethylformamide 1.94 4.21

Myristoleic acid 2.10 1.73

L-homoserine 1.75 1.55

Estrone-3-glucuronide 2.10 0.49

1-aminocyclopropanecarboxylic acid 1.79 0.46

N-acetyl-L-aspartic acid 2.40 0.44

Tyr-Glu 2.12 0.43

anthranilic acid (vitamin L1) 1.85 0.36

VIP, variable importance in the projection.
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and fibrosis. Further studies of metabolites, including 
targeted metabolomics studies, may generate meaningful 
information regarding signal pathways and pathogenesis. 

Currently, ketamine-induced cystitis diagnosis mainly 
relies on a history of ketamine abuse and clinical symptoms 
as assessed by a urologist. Differential diagnosis can be 
hampered by patients not being upfront about their drug 
abuse history or if clinical symptoms are missed. To date, 
no urine biomarkers have been developed for the clinical 
detection of bladder dysfunction and fibrosis. Early 
diagnosis in patients with bladder fibrosis is one of the key 
factors in improving clinical outcomes. Some reports have 
already provided evidences about the application of urine 
metabolites in urinary diseases, such as interstitial cystitis, 
chronic prostatitis, bladder cancer and other urological 
disorders (26-28). In the ROC curves, metabolites with a 
large AUC values were identified as promising potential 
biomarkers for the ketamine-induced bladder rat model. 
These urinary metabolites may be potential biomarker 
in the clinical diagnosis of ketamine induced bladder 
dysfunction and the early detection of bladder fibrosis, and 
further research in animal models and ketamine abusers are 
warranted.

Conclusions

A rat model of ketamine-induced bladder fibrosis was 
successfully established. The expressions of urine metabolites 
in this model were analyzed through metabolomic method. 
A total of 118 differential metabolites were detected, 16 of 
which were up-regulated and 102 were down-regulated. 
Combined with bioinformatics approaches, the biological 
functions of the differential urine metabolites were analyzed. 
Related pathways included pyrimidine metabolism, 
amino sugar, phenylalanine, tyrosine and tryptophan 
biosynthesis, etc. It provided vital clues for understanding the 
pathogenesis, and further aids in the diagnosis and treatment 

of ketamine-induced bladder dysfunction and fibrosis.
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