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Abstract: Ketamine abuse has dramatically increased in recently years. With the widely application of ketamine, its
side effects, especially cystitis induced by long-term use, have attracted more and more attention from the public.
In the present study, we aimed to explore the potential generative mechanism of ketamine-induced cystitis by deter-
mining the endogenous metabolites at different time points after ketamine treatment. Body weight, bladder/body
coefficient, urinary frequency, urinary potassium, serum IL-6, and TNF-a were determined at different time points
after ketamine treatment. H&E staining was used to observe the changes of histopathology. Metabonomics was
performed to determine the changes of endogenous metabolites. After 12 weeks of treatment, obvious inflammato-
ry reaction was noticed in the KET group; the body weight and urinary potassium of the KET group were significantly
lower than the NS group (P < 0.05) and other factors, such as urinary frequency, bladder/body coefficient, serum
TNF-acand IL-6 were higher than the NS group (P < 0.05). A total of 30, 28, and 32 significantly changed metabolites
were identified at the 1st week, 4th week and 12th week, respectively. Metabolic pathway analysis showed that
different metabolic pathways were affected during the treatment process. Linoleic acid metabolism, beta-alanine
metabolism, glyoxylate and dicarboxylate metabolism were only affected following long-term administration of ket-
amine. Those metabolic pathways may have a close relationship with cystitis induced by ketamine.
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Introduction ed that long-term use of ketamine can cause

urinary system injury, especially damage of

Ketamine, a potent non-competitive receptor
antagonist of N-methyl-D-aspartate (NMDA)
that was first synthesized in 1962 and applied
to humans in 1965 [1]. Ketamine is the only
intravenous anesthetic drug with sedative,
analgesic, and anesthetic effects [2]. In recent
years, studies also demonstrate that ketamine
has anti-depressive [3, 4] and brain protective
effects [5]. As every coin has two sides, ket-
amine exhibited hallucinogenic and addictive
characteristics has been abused in entertain-
ment. According to one report, ketamine abuse
has dramatically increased in recently years
[6]. With the wide application of ketamine, its
side effects have attracted more and more
attention from the public.

Bladder damage is one of the side effects of
ketamine. In 2007, Shahani et al. firstly report-

bladder [7]. Since then, more and more studies
have been carried out to investigate this prob-
lem [8, 9]. Cystitis induced by ketamine gradu-
ally attracted people’s attention. The main clini-
cal manifestations of ketamine-induced cystitis
are lower urinary tract symptoms such as dys-
uria, urinary incontinence, hematuria, bladder
wall thickening, and a reduced capacity of the
bladder [10, 11]. Although studies have proven
that ketamine can cause urinary system injury,
the mechanism of toxicity is still under-studied,
especially regarding the direct toxic effects of
ketamine and its metabolites [12, 13], as well
as bladder barrier dysfunction caused by long-
term use of ketamine [14-16] and the neuro-
toxic effects [17, 18].

Furthermore, cystitis is likely to be a complicat-
ed dysfunction caused by multiple factors.
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Figure 1. Body weights were decreased after long-
term administration of ketamine vs. the NS group,
*P < 0.05.

Metabonomics, first proposed by Nicholson, is
a systems level approach for studying endoge-
nous metabolites. This method can not only
diagnose and monitor diseases, but also pro-
vide new thoughts for exploring mechanisms by
identifying specific metabolites and metabolic
pathways related to diseases [19]. In our previ-
ous work, we have studied the urinary metabo-
lomics of Sprague-Dawley (SD) rats and found
some metabolites were significantly changed
after short-term administration of ketamine
[20]. In the present study, we studied the long-
term bladder toxicity of ketamine using a meth-
od of metabonomics to determine the dynamic
changes of endogenous metabolites. This work
helps to explain the generative mechanism of
cystitis associated with ketamine.

Materials and methods
Animal treatment

Male adult SD rats were purchased from the
Experimental Animal Center of DaShuo Co.Ltd
(Chengdu, Sichuan, China) and kept in an ani-
mal facility (with temperature of 23 + 2°C, rela-
tive humidity of 50 + 10%, 12/12 h light-dark
cycle, with freely available water and food) for
one week. All animal care and experimental
procedures were conducted in according to the
National Institutes of Health Guide for the Care
and Use of Laboratory Animals. All rats were
randomly divided into two groups: the normal
saline (NS) group and the ketamine (KET) group
(n = 24 per group). Each group was subdivided
into three subgroups based on the time of ket-
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amine treatment (1 week, 4 weeks and 12
weeks). Animals in the KET group were intra-
peritoneally injected with 50 mg/kg ketamine
(provided by the Sichuan Public Security
Department) each day for scheduled days. The
NS groups received same volume of normal
saline. All rats were weighed weekly to adjust
the quantity of ketamine administrated.

Urinary frequency and sample collection

Urinary frequency was determined by housing
the rats individually in metabolic cages as pub-
lished [14]. Micturition was recorded for 2 h
biweekly, and the number of urinations was
counted based on the blue spots observed.
During the experiment, 8 rats from each group
were sacrificed at the 1st week, 4th week and
12th week, respectively. Blood was drawn from
the heart and serum was then prepared by cen-
trifugation at 3000 x g for 10 min at 4°C. The
bladder was removed and weighed to calculate
bladder/body coefficient by the following equa-
tion: Bladder/body coefficient = bladder wei-
ght/body weight * 100.

Determination of urinary potassium, serum
IL-6, and TNF-«

Urinary potassium was measured by automat-
ed chemical analyzer. Serum IL-6 and TNF-a
were determined by rat IL-6 and TNF-a ELISA
kits (KeyGEN BioTECH, JiangSu, China) accord-
ing to the standard procedures provided by the
manufacturer, respectively.

Histopathologic analysis

Bladder tissues were fixed in 4% phosphate-
buffered paraformaldehyde, dehydrated in seri-
al alcohol concentrations, embedded and
sliced. Slices were then subjected to routine
hematoxylin and eosin (H&E) staining. Stained
sections were observed by a light microscope
at 200 x magpnification (Olympus BX53, Tokyo,
Japan).

Metabolomic research

Sample preparation: Frozen urine samples
were thawed and pretreated by a method simi-
lar to a previous report with only slight modi-
fications [21]. First, 50 uL urine was put into
an Eppendorf tube; 150 uL of acetonitrile (FuYu
Chemical Reagent, Tianjin, China) was added to
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Figure 2. Urinary frequency and bladder/body coefficient were increased after long-term administration of ket-
amine. A: Representative urine spots of the NS group after 12 weeks treatment, 2 h urinary frequency was about 3
times; B: Representative urine spots of the KET group after 12 weeks treatment, 2 h urinary frequency was about
10 times; C: 2 h urinary frequency of the NS group and the KET group during treatment; D: Bladder/body coefficient
of the NS group and the KET group during treatment. vs. the NS group, *P < 0.05; **P < 0.01.

precipitate protein; the mixture was vortexed
for 2 min and centrifuged at 12000 x g for 10
min at 4°C. Second, 100 L of the supernatant
was transferred to a GC vial, concentrated and
Iyophilized for 12 h. Next, 30 yL methoxyamine
hydrochloride (Sigma-Aldrich, St.Louis, USA) in
pyridine (FuYu Chemical Reagent, Tianjin, Chi-
na) solution was added to the vial, mixed for 1
min and finally placed in the dark for 16 h of
oximation at 16°C. After completing oximation,
30 pL of BSTFA with 1% TMCS (Sigma-Aldrich,
St.Louis, USA) was quickly added, vortexed for
5 min and incubated at 70°C for silanization
for 1 h. Then, 100 pyL methyl stearate (Sigma-
Aldrich, St.Louis, USA) (10 yg/mL), as internal
standard, was added, the mixture was vortexed
for 2 min and centrifuged for 15 min to collect
approximately 100 uL of the supernatant to
perform GC-MS analysis.
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GC-MS analysis: Processed samples were de-
tected and analyzed with an Agilent 78-
90A/5975C GC/MS instrument (Agilent, CA,
USA). The specific parameters were as follows:
Column-DB-5 MS, 0.25 mm x 30 m x 0.25 ym;
sample volume: 1 uL; Carrier gas: Helium; flow
rate: 1.0 mL/min; Inlet temperature: 250°C;
Split ratio: 5:1; Temperature program: initial
temperature was 60°C, held for 1 minute, then
10°C/min to 325°C until the last 10 minutes;
and MS interface temperature: the temperature
of the ion source and quadrupole temperatures
was 280°C, 230°C and 150°C, respectively.

Data collection, processing and statistical
analysis: The GC-MS spectrum data was con-
firmed by the automated mass spectral de-
convolution and identification system (AMDIS)
software and the National Institute of Stan-
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dards and Technology (NIST) mass spectral li-
brary. The peak area of each metabolite was
normalized (area normalization method: The
ratio of each peak area to total peak area).
Subsequently, the data were imported to the
SIMCA-P v11.5 software (Umetrics AB, Swe-
den) for partial least squares-discriminant
analysis (PLS-DA). Characteristic metabolites
were identified through the importance of vari-
ables (VIP) > 1 and the Kruskal-Wallis test (P
< 0.05.) Pathway analysis was performed with
the Metabo Analyst 3.0 (http://www.metabo-
analyst.ca/MetaboAnalyst) [22].

Statistical analysis

All the data from the body weights, urinary fre-
quency, bladder/body coefficient, urinary po-
tassium, serum TNF-a, and IL-6 are express-
ed as mean + SD. Independent sample t-te-
sts were used to analyze all the data with the
SPSS 19.0 software (SPSS, Inc., Chicago, IL,
USA). Statistical significance was set at P <
0.05.
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Figure 3. Urinary potassium, serum TNF-o, and
IL-6 were altered after long-term administra-

NS group and the KET group during treatment.
Urinary potassium was almost unchanged in
the NS group while significantly deceased in
the KET group after 12 weeks treatment; B: Se-
rum TNF-a of the NS group and the KET group
during treatment. Serum TNF-o was almost
unchanged in the NS group while significantly
increased in the KET group after 12 weeks
treatment; C: Serum IL-6 of the NS group and
the KET group during treatment. Serum IL-6
was almost unchanged in the NS group while
significantly increased in the KET group after 4
weeks treatment. *P < 0.05; **P < 0.01.
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Behavior and body weight were altered after
long-term administration of ketamine

During the entire treatment duration, rats in the
NS group displayed normal feeding and drink-
ing, normal activity, and color gloss. Rats in the
KET group, especially after 12 weeks treat-
ment, displayed messy and withered hair,
decreased activity, and listlessness. The body
weights of both groups were all increased along
with the treatment, however the growth trend
of the NKT group was slower than the NS group.
After 12 weeks, the body weight of the KET
group was significantly lower than the NS group
(P < 0.05) (Figure 1).

Urinary frequency and bladder/body coeffi-
cient were increased after long-term adminis-
tration of ketamine

The results of urinary frequency were seen
from Figure 2A-C. At the early stage of treat-
ment (0-6 Weeks treatment), rats in the NS
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Figure 4. Representative H&E staining (x 200). A: NS group at 1st week. No
abnormality was observed; B: KET group at 1st week. Only a small amount
of inflammatory cells infiltrated the bladder; C: NS group at 4th week. No
abnormality was observed; D: KET group at 4th week. Most of the bladder
epithelial showed necrosis and shedding, accompanied by microvascular clear that the NS group

congestion and bleeding; E: NS group at 12th week. No abnormality was
observed; F: KET group at 12th week. The bladder epithelial cells appeared
to include large amounts of red blood cells and with a large number of neu-

trophils infiltration.

group and the KET group had almost the same
urinary frequency (P > 0.05), but after 8 weeks,
rats in the KET group had significantly increas-
ed urinary frequency compared with the NS
group (P < 0.05). Bladder/body coefficient only
showed a significant difference at the 12th
week, which indicated that bladder tissues
grew big and heavy with long-term use of ket-
amine (Figure 2D).

Long-term administration of ketamine de-
creased urinary potassium and increased
serum TNF-a and IL-6

As shown in Figure 3, on the intra-group level,

urinary potassium, serum TNF-a and IL-6 didn’t
show significant changes along with treatment

562

in the NS group (12th week
vs. 1st week or 4th week; P >
0.05); urinary potassium was
significantly decreased while
serum TNF-a and IL-6 were
significantly increased after
long-term administration of
ketamine in the KET group
(12th week vs. 1st week or
4th week; P < 0.05); On the
inter-group level, when com-
pared with the NS group, uri-
nary potassium in the KET
group was almost same at 1st
week and 4th week (P > 0.05)
and significantly decreased at
12th week (P < 0.05); serum
TNF-a in the KET group was
almost same at 1st week and
4th week (P > 0.05) and sig-
nificantly increased at 12th
week (P < 0.01); serum IL-6
didn’t changed at 1st week (P
> 0.05) and significantly
increased at 4th week (P <
0.05) and 12th week (P <
0.02).

Histopathologic analysis

Bladder pathologic changes
were shown in Figure 4. From
Figure 4A, 4C and 4E, it is

showed no abnormality at all
three time points, while the
KET group had a small amount
of inflammatory cells infiltrat-
ed into the bladder the 1st
week (Figure 4B). At the 4th week, the bladder
epithelial showed necrosis and shedding,
accompanied by microvascular congestion and
bleeding (Figure 4D) and at 12th week, the
bladder epithelial cells appeared with large
amounts of red blood cells and with a large
number of infiltrating neutrophils (Figure 4F).

Metabolomic research

PLS-DA analysis and characteristic metabolite
identification: PLS-DA, a method possessing
the similar principle with PCA, was used to ob-
serve the samples distribution. As shown in Fig-
ure 5A-C, the PLS-DA score plot demonstrated
notable distribution between the NS and the
KET group at 1st week (R?Y = 99.1% and Q? =

Int J Clin Exp Pathol 2018;11(2):558-567
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NS group . KET group

Figure 5. PLS-DA score plots of urine
from rats at different time points after
treatment. A: 1st week after treatment;
B: 4th week after treatment; C: 12th
week after treatment.
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94.8%), 4th week (R2Y = 99.4% and Q2 = 99.5%)
and 12th week (R2Y = 99.3% and Q? = 95.2%),
respectively. On the basis of the VIP threshold
(VIP > 1) and P < 0.05, characteristic metabo-
lites between the NS group and the KET group
at different time points were selected for fur-
ther analysis. Finally, a total of 30, 28, and 32
metabolites had identified at the 1st week, 4th
week and 12th week, respectively (Table 1).

Metabolic pathway analysis

Pathway analysis of characteristic metabo-
lites was analyzed with MetaboAnalyst 3.0.
The impact value threshold calculated from
pathway topology analysis was set to 0.1.
Potential target pathways were filtered out
above this threshold. At the 1st week, differ-
ent metabolites between the NS group and
the KET group were involved in D-glutamine
and D-glutamate metabolism (impact value
= 1.0), arachidonic acid metabolism (impact
value = 0.33), glycine, serine and threonine
metabolism (impact value = 0.29), alanine,
aspartate and glutamate metabolism (impact
value = 0.26) and Inositol phosphate metabo-
lism (impact value = 0.14). At the 4th week, dif-
ferent metabolites were involved in D-glutamine
and D-glutamate metabolism (impact value =
1.0), ascorbate and aldarate metabolism (im-
pact value = 0.40), arachidonic acid metabo-
lism (impact value = 0.35), glycine, serine and
threonine metabolism (impact value = 0.31),
alanine, aspartate and glutamate metabolism
(impact value = 0.26) and Inositol phosphate
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KET group

metabolism (impact value = 0.15). At the 12th
week, different metabolites were involved in
linoleic acid metabolism (impact value = 1.00),
beta-alanine metabolism (impact value = 1.00),
ascorbate and aldarate metabolism (impact
value = 0.44), arachidonic acid metabolism
(impact value = 0.40), alyoxylate and dicarbox-
ylate metabolism (impact value = 0.33), aly-
cine, serine and threonine metabolism (impact
value = 0.30) and alanine, aspartate and gluta-
mate metabolism (impact value = 0.29). From
the results we can see that the 1st week and
4th week shared the most similar metabolic
pathways, such as D-glutamine and D-gluta-
mate metabolism, arachidonic acid metabo-
lism, glycine, serine, and threonine metabolism.
Alanine, aspartate, and glutamate metabolism
and inositol phosphate metabolism were also
altered. Ascorbate and aldarate metabolism
was affected after 4 weeks treatment. After 12
weeks treatment, different metabolic pathways
such as linoleic acid metabolism, beta-alanine
metabolism and glyoxylate and dicarboxylate
metabolism were affected. Those changes
were not detected at the 1st week and 4th
week analysis. The major metabolic pathways
affected are shown in Figure 6.

Discussion

In this study, rat model was used to determine
the effects and possible mechanism of ket-
amine. From the results we observed, no signifi-
cant change was found between the NS group
and the KET group regarding to the body weight,

Int J Clin Exp Pathol 2018;11(2):558-567



Table 1. Characteristic metabolites between the NS group and the KET group at different time points

Metabonomics of rats with ketamine-induced cystitis

after treatment

1w AW 12W
RT Metabolites RT  Metabolites RT Metabolites
5.755  Propionic acid 5.962 Butyric acid 5.755  Propionic acid
5.913 Lactic acid 6.157 2-ketobutyric acid 6.157  2-ketobutyric acid
6.157  2-ketobutyric acid 8.19  Malonic acid 9.408 Phenylacetic acid
7.192  Propylamine 9.627 Succinic acid 9.505  3-Aminoisobutyric acid
9.505 3-Aminoisobutyric acid 10.187 Fumaric acid 10.918 Butyric acid
9.931 Uracil 10.918 Butyric acid 11.149 Beta-Alanine
10.053 Acetic acid 11.356 Glycine 11.356 Glycine
10.187 Fumaric acid 12.038 Erythritol 12.135 Salicylic acid
10.854 Malonic acid 12.318 Pyroglutamic acid 12.574 Creatinine
10.918 Butyric acid 12.476 Cinnamic acid 12.781 3-Hydroxybutyric acid
11.356 Glycine 12.574 Creatinine 13.377 2-isopropylmalic acid
11.539 Cytosine 12.781 3-Hydroxybutyric acid 13.548 L-Glutamic acid
12.038 Erythritol 13.377 2-isopropylmalic acid 13.743 4-hydroxyphenylacetic acid
12.318 Pyroglutamic acid 13.548 L-Glutamic acid 14.425 Suberic acid
12.476 Cinnamic acid 14.473 Xylitol 14.473  Xylitol
12.574 Creatinine 14.692 Fucose 14.632 Dulcite
12.671 Glutaric acid 15.837 Myoinositol 14.692 Fucose
13.077 3-Hydroxyphenylacetic acid 15.874 S-carboxymethylcysteine 15.715 Citric acid
13.548 L-Glutamic acid 16.336 Ascorbic acid 16.008 Hippuric acid
14.425 Suberic acid 16.519 Mannose 16.336 Ascorbic acid
14.692 Fucose 16.787 Glucuronic acid 16.519 Mannose
14.96  Trans-Aconitic acid 16.86 Mannitol 16.787  Glucuronic acid
15.496 Azelaic acid 16.969 Pyridoxine 17.469 Pantothenic acid
15.837 Myoinositol 17.469 Pantothenic acid 17.505 Adenosine diphosphate ribose
16.008 Hippuric acid 17.822 Palmitic acid 18.504 Uric acid
16.336 Ascorbic acid 19.77 Oleic acid 19.198 7-Methylguanine
16.969 Pyridoxine 21.012 Arachidonic acid 19.247 Linoleic acid
18.504 Uric acid 23.703 Benzoic acid 20.72  Purine riboside
20.574 Uridine 21.012 Arachidonic acid
21.012 Arachidonic acid 21.28 Oleic acid

21.816 5-Methyluridine
26.638 Cholesterol

Note: RT: Retention time.

bladder/body coefficient, urinary frequency,
urinary potassium, serum TNF-a and IL-6, as
well as the H&E staining results in a short peri-
od of treatment; However, after a long-term
duration of treatment, those observation index-
es were significantly changed and bladder
damage was successfully induced in rats.
Metabolomic study showed that different meta-
bolic pathways were affected during the treat-
ment process.

Body weight, behavior and bladder/body coef-
ficient were affected by long-term ketamine
abuse. In our study, the body weight of rats in
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the NS group and the KET group exhibited non-
significant difference after 11 weeks treat-
ment. At the 12th week, the body weight of rats
in the KET group was significantly lighter than
the NS group. This was consistent with one re-
port that claimed long-term ketamine abuse
caused weight loss [14]. One of the reasons
behind this phenomenon may be that long-term
use of ketamine can lead to abnormal emotion
such as fear, depression, anxiety, long time
stress, which in turn impacted the body’s diges-
tion and absorption function and results in
weight loss [23]. Unlike the body weight, blad-
der/body coefficients of rats in the KET group

Int J Clin Exp Pathol 2018;11(2):558-567
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were increased after long-term use of ket
amine; this is because that ketamine can
increase the bladder weight of rats [24].

Our experiment also demonstrated that urinary
frequency was increased after long-term ad-
ministration of ketamine. This may be associ-
ated with a decrease in bladder volume and
voiding interval, and progressive decrease in
bladder function [25]. Studies have shown that
bladder epithelial dysfunction may lead to
decreased urinary potassium [26, 27], which
makes urinary potassium a reliable parameter
to evaluate the bladder epithelial function. In
the present study, we found the urinary potas-
sium was significantly lower in the KET group at
12th week which indicated that long-term use
of ketamine could cause bladder epithelial dys-
function. The decreased concentration of uri-
nary potassium may be one of the reasons for
frequent urination, urgency and dysuria [27].

The concentrations of serum IL-6 and TNF-a
were significantly higher in the KET group than
those in the NS group at 12th week, suggesting
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Figure 6. Metabolic pathway analysis of different
metabolites between the NS group and the KET
group at different time points after treatment. A: 1st
week; B: 4th week; C: 12th week.

that inflammatory was involved in the patho-
genesis of ketamine induced cystitis, which
was in accord with our results of H&E staining.
In the H&E staining, we observed that, at the
12th week, significant inflammatory reaction
existed in the KET group. This pathologic
change was in line one clinical report that
focused on ketamine abusers and 71% patients
had various degrees of epithelial inflammation
[28].

In addition, we used metabolomics to seek the
change of endogenous metabolites correlated
with ketamine cystitis. A total of 30, 28, and 32
significant changed metabolites were identified
at the 1st, 4th week and 12th week between
the NS group and the KET group, respectively.
The results showed that, at the 1st and 4th
week, there were 15 identical changed metab-
olites. Metabolic pathway analysis also showed
that, at the 1st and 4th week, characteristic
metabolites were involved in almost same
major metabolic pathways; such as D-glutamine
and D-glutamate metabolism: arachidonic acid
metabolism; glycine, serine and threonine me-

Int J Clin Exp Pathol 2018;11(2):558-567
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tabolism; alanine, aspartate and glutamate
metabolism; inositol phosphate metabolism.
Ascorbate and aldarate metabolism, which are
mainly involved the metabolism of glucuronic
acid and ascorbic acid, were significantly affect-
ed at the 4th week. Those changed metabo-
lites, together with the above-mentioned evi-
dence, indicates that the changes were similar
at the early stage of ketamine administration.
Unlike the other two time points, at 12th week,
rats in the KET group exhibited significant
inflammatory reaction and characteristic me-
tabolites were obviously different from the 1st
and 4th week. Metabolic pathway analysis
showed that linoleic acid metabolism, beta-ala-
nine metabolism, glyoxylate and dicarboxylate
metabolism were only affected at the 12th
week. Linoleic acid is a key metabolite involved
in Linoleic acid metabolism that produces ara-
chidonic acid which plays an important regula-
tory role in inflammation and immune response,
indicating that the inflammatory reaction raised
at the later period of ketamine administration.
This was in line with our pathologic observa-
tions. Beta-alanine metabolism in the body
mainly involves the alanine-glucose cycle and
this metabolic pathway suggested that energy
metabolism was disturbed at the later phase of
ketamine administration. Citric acid, involved in
glyoxylate and dicarboxylate metabolism, is a
key regulator of energy production, which was
also down-regulated after 12 weeks ketamine
treatment, and again demonstrated that ener-
gy metabolism was disturbed by long-term
administration of ketamine.

Conclusion

Linoleic acid metabolism, beta-alanine metab-
olism, glyoxylate and dicarboxylate metabolism
were only affected by long-term administration
of ketamine. Those metabolic pathways may
have a close relationship with cystitis induced
by ketamine.
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