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Purpose: The main treatment options of neurogenic bladder remains catheterization and long-term oral medications. Meta-
bolic interventions have shown good therapeutic results in many diseases. To date, no studies have characterized the metabo-
lites of the detrusor muscle during neurogenic bladder. Using metabolomics, new muscle metabolomic signatures were identi-
fied to reveal the temporal metabolic profile of muscle during disease progression.

Methods: We used 42 Sprague-Dawley rats (200+20 g, males) for T10 segmental spinal cord injury modeling and collected
detrusor tissue and performed nontargeted metabolomics after sham surgery, 30-minute, 6-hour, 12-hour, 24-hour, 5-day, and
2-week postmodelling, to identify the dysregulated metabolic pathways and key metabolites.

Results: By comparing mzCloud, mzVault, MassList, we identified a total of 1,271 metabolites and enriched a total of 12 me-
tabolism-related pathways with significant differences (P <0.05) based on Kyoto Encyclopedia of Genes and Genomes analysis.
Metabolites in several differential metabolic pathways such as ascorbate and aldarate metabolism, Steroid hormone biosynthe-
sis, and carbon metabolism are altered in a regular manner before and after ridge shock.

Conclusions: Our study is the first time-based metabolomic study of rat forced urinary muscle after traumatic spinal cord in-
jury, and we identified multiple differential metabolic pathways during injury that may improve long-term management strat-
egies for neurogenic bladder and reduce costs in long-term treatment.
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 HIGHLIGHTS
- The incidence of neurogenic bladder increases gradually after spinal cord injury.
- The crosstalk of metabolites can aggravate the occurrence of injury; Metabolic intervention therapy has achieved some success, but lacks compre-
hensive research.
- Regular changes of multiple metabolic pathways during disease formation.
- Metabolomics research provides a basis for metabolic intervention therapy and possible biomarkers.

INTRODUCTION bladder are important contributors to mortality in traumatic
spinal cord injury (TSCI) survivors [1,2]. However, the clinical
Hydronephrosis and urinary tract infections due to neurogenic manifestations of neurogenic bladder are complex, and the path-
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ological process of the disease has undergone a transition from
neural dominance to the joint involvement of nerve detrusor
muscle. So far, the process of detrusor injury is still being studied.

The traditional treatments for neurogenic bladder in patients
with TSCI are long-term care and drug intervention [3,4].
However, the life expectancy of patients continues to decline [2].

The new concept of neurogenic bladder treatment is to delay
tissue damage through chronic disease management, and it is
feasible to partially restore tissue function. Metabolic interven-
tion has shown high efficacy in animal models. Metabolic in-
tervention is a targeted intervention treatment for metabolic
disorders based on the results of metabolomics research as the
core, in order to regulate and alleviate the dominant patho-
physiological mechanisms in the occurrence and development
of diseases. Several studies have suggested that metabolic inter-
vention can ameliorate spinal cord injury and restore neurolog-
ical function. For example, selenium-doped carbon quantum
dots can improve the recovery of urinary function and reduce
the degree of bladder tissue fibrosis, bladder endometriosis, and
cell vacuolization in rats after TSCI [5]. NADPH oxidase 2 can
promote the regeneration and functional recovery of sensory
axons after TSCI by scavenging reactive oxygen species and en-
hancing redox signaling [6]. Studie shows that serine is involved
in the remodeling of lipid metabolism. Abnormal serine ho-
meostasis is related to diabetes peripheral neuropathy, and ser-
ine supplementation can slow down neuropathy [7]. Another
notable example of metabolic intervention is s-nitrosoglutathi-
one (GSNO) treatment, which promotes neurorepair to restore
bladder function and improve the recovery of locomotor func-
tion in rats after TSCI [8]. Since glutathione can reduce fibrosis
in inflamed tissues by inhibiting ferroptosis [9,10], it is specu-
lated that timely administration of GSNO can greatly attenuate
bladder muscle damage in rats after TSCIL

The studies above have shown promising outcomes of meta-
bolic intervention in rats with TSCI, it remains unclear why
bladder function impairment in some patients with spinal cord
injury progresses to neurogenic bladder despite the recovery of
lower limb function. Normal voiding depends not only on the
coordinated opening of the sphincter through the nerve but
also on the cooperated contraction of the detrusor [2,3]. Detru-
sor instability occurs in most patients with neurogenic bladder.
Therefore, it is necessary to elucidate the pathological process of
spinal cord injury for metabolic interventions. Time-dependent
metabolomics studies can uncover the changes in the levels of
metabolites in neurogenic bladder after TSCI and shed new
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light on the pathological mechanisms.

Here, for the first time, we used time-series-based untargeted
metabolomics to systematically examine the metabolic status of
bladder muscle at different time points following TSCI. A large
number of metabolites involved in injury and repair were iden-
tified. The results may provide useful evidence for metabolic in-
terventions in the treatment of neurogenic bladder in patients
with TSCL

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (180-220 g, aged 8 weeks) were pur-
chased from the Animal Center of Shanxi Medical University,
with free access to irradiated chow and water.

Establishment of the Rat Model of TSCI

Rats were randomly divided into 7 groups (6 rats per group),
including 1 control group (DDZ0) and 6 TSCI groups (SSZ1,
S§S72, SS73, SSZ4, SSZ5, and SSZ6). The rat model of TSCI was
established using a weight-drop method [11]. Briefly, rats were
anesthetized with pentobarbital (1%, 40 mg/kg, Merck, Sigma-
Aldrich; St. Louis, MO, USA) and the lamina was removed at
T9-10 using a laminectomy. Then, the spinal cord was con-
fused by an 18-g weight that was dropped from a height of 15
cm. The rats in the sham operation group were treated similarly
without the contusion of the weight. Bladder tissues were dis-
sected from the rats at 30 minutes, 6 hours, 12 hours, 24 hours,
5 days, and 2 weeks after injury (corresponding to SSZ1, SSZ2,
SSZ3, SSZ4, SSZ5, and SSZ6, respectively) (Fig. 1A). After re-
moving the serous membrane and mucosa at 4°C, due to the
varying degrees of congestion in mucosal tissue during the dis-
ease process and the ability to secrete hormones, bladder tissues
were frozen in liquid nitrogen and stored at -80°C. The time
points after SCI were selected based on our preliminary study
and relevant literature [12-15]. The acute-phase response likely
occurred within 2 days after spinal cord injury, and the chronic
and long-term response likely occurred after 2 weeks.

Metabolite Extraction From the Bladder Tissue

To extract metabolites, the bladder tissue was homogenized in
ice-cold 80% methanol for 5 minutes, followed by centrifuga-
tion (15,000 g, 20 minutes) at 4°C. The supernatant was diluted
with ultrapure water until the final concentration of methanol
was 53%. The diluted supernatant was centrifuged (15,000 g, 20
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Fig. 1. Clusters of the differential metabolites in the detrusor muscle at different time points in fats after traumatic spinal cord injury
(TSCI) using untargeted metabolomics. (A) Schematic overview of the experimental design. The rat model of TSCI was established
using the weight-drop method. In the control group, rats were anesthetized and only the skin on the back was removed. (B) The tree
diagram showing the distribution between the superclass (color) and class (square) of 1,272 metabolic characteristics for statistical
analysis. Each number corresponds to a class listed in the source data file. (C) The results of detrusor muscle strips in rats after 2 weeks
of injury. (D) Heatmap and cluster tree of differential metabolites at different time points in bladder muscle after TSCI. 6 TSCI groups:
SSZ1,SSZ2, SSZ3, SSZ4, SSZ5, and SSZ6; 1 control group: DDZ0. The relative levels of differential metabolites were normalized, con-
verted, and clustered using hierarchical clustering analysis.

minutes, 4°C) again, and the resulting supernatant was collect- mo Fisher, Waltham, MA USA) to determine the levels of me-
tabolites.

For more accurate identification of metabolites, peak align-

ed and subjected to metabolomics analysis.

Untargeted Metabolomics

Metabolomic profiling of bladder muscle was performed using
liquid chromatography-mass spectrometry (LC-MS) [16]. Quali-
ty control samples were prepared by an equal volume mix of ex-
perimental samples, which were tested before, during, and after
the measurement of the experimental samples to ensure the accu-
racy and reliability of the data. The LC-MS data were analyzed us-
ing Compound Discoverer 3.1 (ThermoFisher Scientific, Ther-
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ments for different samples were performed at a retention time
deviation of 0.2 minutes and a mass deviation of 5 ppm. Then,
peak extraction and the quantification of peak area were carried
out with the following parameters: mass deviation 5 ppm, sig-
nal intensity deviation 30%, signal-to-noise ratio 3, and mini-
mum signal intensity of adduct ions. After the integration of
target ions, molecular formulas were predicted based on mo-
lecular ion peaks and fragment ions, followed by comparison
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with mzCloud (https://www.mzcloud.org/), mzVault, and
MassList databases. Background ions were removed by sub-
tracting the signals of blank samples, and the raw quantitative
results were normalized to identify and quantify metabolites.

RESULTS

Differential Metabolites in TSCI Rats Compared to Control
Rats

We detected a total of 1,271 metabolites in bladder muscle in
rats after TSCI. By using Classyfire, a total of 988 metabolites
were annotated and classified into different groups, including
organic acids and derivatives, organic oxygen compounds, ben-
zenoids, lipids and lipid-like molecules, nucleosides, nucleo-
tides and analogues, phenylpropanoids and polyketides, or-
ganoheterocyclic compounds, organic nitrogen compounds, al-
kaloids and derivatives, and others (Fig. 1B). The heatmap
showed significant changes in the levels of differential metabo-
lites in muscle tissue over time (Fig. 1C). The number of differ-
ential metabolites varied at different time points after TSCI,
with 161, 352, 436, 521, 199, and 345 differential metabolites
detected at 30 minutes, 6 hours, 12 hours, 24 hours, 5 days, and
2 weeks, respectively (P <0.05), by comparing the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database, LIPID
MAPS database and HMDB database. Rats develop urinary in-
continence around 5 days after TSCI. Before and after 5 days,
the coincidence of changes in the number of differential metab-
olites and the occurrence time of urinary incontinence suggests
a significant impact of bladder capacity on detrusor function
(Fig. 1D).

Dynamics of Muscle Metabolome Associated With the
Progression of Neurogenic Bladder After TSCI

After completing the detection of metabolites, in order to re-
flect the overall metabolic differences between each group of
samples and the degree of variation between samples within the
group (Fig. 2). Data were subjected to principal component
analysis and partial least squares discriminant analysis (PLS-
DA) using metaX [6], and further validation was performed. In
the univariate analysis, the difference in the levels of each me-
tabolite between TSCI rats and control rats was compared us-
ing t-test, and the fold change (FC) of metabolite levels in rats
with TSCI was calculated compared to the control rats. The cri-
teria for differential metabolite screening were variable impor-
tance in projection> 1, P-value <0.05 and FC>2 or FC<0.5.
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The results showed that the levels of all metabolic groups
changed significantly after 6 hours in TSCI rats compared to
the control rats. The 200 interaction test trials showed that the
model used here was good and all parameters met the require-
ment.

Time-Dependent Pathway Analysis of Bladder Muscle After
TsCl

The results of the KEGG metabolic pathway analysis indicate
that ascorbic acid and aldehyde metabolic pathways continue to
play an important role in the stabilization phase of an injury or
disease (Fig. 3). Multivitamins are involved in the injury pro-
cess. In the acute phase of injury, the synthesis of steroid hor-
mones, is an important stress response in the face of volume ex-
pansion stress. Abnormalities in carbon metabolism during the
duration of injury may mark a shift from functional to organic
injury, and this shift may be accompanied by impaired energy
circulation. Differences in the course of injury at 30-minute
postinjury, caused by varying degrees of bladder volume expan-
sion, may account for the inability to obtain significant meta-
bolic pathways from KEGG enrichment analysis, suggesting
laterally that bladder volume expansion is a major driver of dis-
ease progression, at least in the early stages of injury.

Trend Characterization of Differential Metabolites

Based on the muscle contraction characteristics of neurogenic
bladder (unstable detrusor contraction) and the results of
KEGG pathway analysis, we focused on the metabolic charac-
teristics of the following 4 aspects: (1) changes in energy supply
patterns during disease occurrence; (2) secretion of steroid hor-
mones during bladder expansion; (3) changes in the content of
muscle neurotransmitters during the occurrence of diseases; (4)
antioxidant stress and metabolic protection during the disease
process.

There are 3 energy supply pathways for muscles: aerobic me-
tabolism, anaerobic metabolism, and phosphocreatine pathway.
After literature review and comparison, we have finally deter-
mined a-Ketoglutaric acid, fructose 1,6-phosphate, and creatine
phosphate are markers of 3 energy metabolism modes. They are
either substrates of rate limiting enzymes in the process of ener-
gy metabolism, or direct energy sources of adenosine 5’-tri-
phosphate production (phosphocreatine pathway), which have
strong representativeness, stability, and relatively high content
and are easy to detect in metabolic testing. During the compari-
son process, we found an interesting phenomenon that there is

www.einj.org 91



INJ Liu, etal. « Metabonomic Study of Neurogenic Bladder After Spinal Cord Injury

60 SZ1_DZ20
class -~ DZZ0 -a- SSZ1 Intercepts:R2=(0.0,0.88), Q2=(0.0,-0.70)
o
S [ 9 .
0 _| [
30 204 O |m I .-
- U -
£ ( class —~ 104 0 = I
o S g -
© - DzZ0 D Q9 .- -
g ° szt o ©
3 - =3 s 1]
o IR Q
g © I u
T H
' m =
-30 104 |
0 ® R2
qlm = Q2
T T T
25 0 25 50 75 Q 20 ° » e OIO 0I2 0.4 0I6 DIB 1.0 O
PC1 (31.61%) PC1(33.42%) . . 4 o . .
R2Y:0.97, Q2Y: 0.44 or
class - DZZ0 - SSZ2 $§822_DZZ0
Intercepts:R2=(0.0,0.82), Q2=(0.0,-0.79)
o
40 - ' __________ l ___________ l __________ : g
0
= i
§ class . o I
N ]
s 0 - oz0 B o H
< 5 =
8 - S22 o
a =
o
O
a

® R2
- = Q2

T T T T T
02 04 06 08 10 G

Value
-1.0 -05
° ! 1 |
o ol .- — -

5 0 25 -20 0 20 40
PC1 (36.88%) 0 PC1 (43.40%) G

R2Y: 0.96, Q2Y: 0.80 Cor
$SZ3_DZZ0
class -&- DZZ0 -& SSZ3 Intercepts:R2=(0.0,0.74), Q2=(0.0,-0.84)
o
<780 b l ---------- L
s /0~ -
) -
c|n -7
~ 51022 301 <] I
§§ class © . =
o 0 0 - 1
w s D220 R - .
o > oo
o & SS23 ®© ST -
o oo 2 2 o s
B 3] 1
25 g © []
20 <70 [
-30 n
-50 o |® n ® R2
: | : : . o1 . te
-20 0 20 40 60 e -20 0 20 40 60 m T T T T T T o
PC1 (42.19%) PC1 (45.28%) 0.0 0.2 04 0.6 0.8 1.0
R2Y:0.98, Q2Y: 0.90 Cor
$S24_DZZ0
60 class & DZZ0 -a- SSZ4 Intercepts:R2=(0.0,0.59), @2=(0.0,~1.06)
-4 8 ' ___________ 2]
. |
30 = s
7 |
3 class 30 - "
S . Dzz0 X o
g ;3 g TR [
(N) -4 SS74 ) ©
a T o >
S
o Ny |
50 ]
L}

o |® e R2
= Q2

40 -20 0 20 40 60 T T T T

-20 0 20 ) T T
PC1 (44.91%) 0 PC1 (48.71%) c 00 02 0.4C 06 08 10 o

R2Y:0.98, Q2Y: 0.92 or .
(Continued)
Fig. 2. Principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and valid test results for the control
group and the model group of the detrusor at different time points. (A, D, G, ], M, P) PCA results of 30 min/6 hr/12 hr/24 hr/5 days/2
weeks group. (B, E, H, K, N, Q) PLS-DA results of 30 min/6 hr/12 hr/24 hr/5 days/2 weeks group. (C, E I, L, O, R) Valid test results of
30 min/6 hr/12 hr/24 hr/5 days/2 weeks group.
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Fig. 2. Principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and valid test results for the control
group and the model group of the detrusor at different time points. (A, D, G, J, M, P) PCA results of 30 min/6 hr/12 hr/24 hr/5 days/2
weeks group. (B, E, H, K, N, Q) PLS-DA results of 30 min/6 hr/12 hr/24 hr/5 days/2 weeks group. (C, E I, L, O, R) Valid test results of

30 min/6 hr/12 hr/24 hr/5 days/2 weeks group. (Continued)

a significant difference in the relative content of phosphocre-
atine within the same group. There was no significant difference
in the relative content of ketoglutaric acid and fructose 6-phos-
phate within the group. After excluding modeling reliability
factors, we believe that its instability may be related to the state
of the detrusor muscle (detrusor hyperreflexia and detrusor re-
flex delay), and may serve as a biomarker for detrusor function
to differentiate bladder function in patients with neurogenic
bladder.

We found that steroid hormones maintain high levels of se-
cretion within 12-24 hours after injury. The enriched metabo-
lites include both glucocorticoids represented by corticosterone
and a series of sex hormones represented by estrogen, estradiol,
and 17a hydroxyprogesterone. Their changes over time during
the process of disease occurrence are shown in Fig. 4A, and
their secretion characteristics are as follows: (1) during the acute
injury period, secretion intensifies with time progression (in-
creased bladder volume dilation pressure); (2) in the early stage
of urinary incontinence, with the occurrence of filling urinary

Int Neurourol J June 30, 2023

incontinence, the bladder capacity pressure decreases and se-
cretion decreases instantly; (3) As the disease enters the chronic
stage, the amount of residual urine increases (despite urinary
incontinence), and its content increases; Here, we found that
the release of steroid hormones is significantly controlled by
bladder capacity.

Changes in the content of muscle neurotransmitters during
the process of disease occurrence: After TSCI, neurogenic blad-
der patients experienced denervation of the bladder, so we fo-
cused on the relative content of neurotransmitters in muscle
tissue over time. The neurotransmitters we have enriched in-
clude 2 types: monoamine neurotransmitters such as noradren-
aline, and amino acid neurotransmitters such as histamine and
acetylcholine. Their time variation curves are shown in Fig. 4B.
We can intuitively observe that the trends of acetylcholine and
histamine are similar, while the relative content of noradrena-
line increases with the increase of bladder volume dilation pres-
sure before urinary incontinence. However, due to the destruc-
tion of the central nervous system, the relative content of ace-

www.einj.org 93



INJ Liu, etal. « Metabonomic Study of Neurogenic Bladder After Spinal Cord Injury

SSZ1.vs.DZZ0_all (30 min) §S872.vs.DZZ0_all (6 h)
Purine metabolism @) Phenylalanine metabolism )
Galactose metabolism - Y Arginine and proline metabolism - ()
Biosynthesis of unsaturated fatty acids - Vitamin BS metabolism -
Sulfur metabolism - [ ) Mineral absorption -
Regulation of lipolysis in adipocytes- @ Galactose metabolism -
—log10(Pvalue; —log10(Pvalue
Lysine degradation- @ 910( ) Sulfur relay system - ( ] o 1 6(
12 :
Aldosterone synthesis and secretion- @ I Lysine degradation - @ I
12
Tuberculosis - 10 Aldosterone synthesis and secretion- @
Terpenoid backbone biosynthesis - . . 0.8 Thiamine metabolism - o . 08
2 Steroid biosynthesis - . 06 2 Starch and sucrose metabolism- @ 04
5} £
8 Prion diseases- Number @ Inositol phosphate metabolism- @ Number
Phototransduction - . 1 Fatty acid degradation - [ ] o« 1
Olfactory transduction - . o > Cholesterol metabolism - o 2
®: ®:
Long-term depression - o . 4 Carbohydrate digestion and absorption - .
4
HIF-1 signaling pathway - . ®: Tuberculosis - © @
Glycolysis / Gluconeogenesis - . Prion diseases - .
Endocrine and other factor-regulated calcium reabsorption - and ; .
Drug metabolism - other enzymes - Endocrine and other factor-regulated calcium reabsorption - .
Circadian entrainment - . African trypanosomiasis - .
African trypanosomiasis - Adrenergic signaling in cardiomyocytes - .
02 04 06 08 10 0 o o8 o
Ratio ) " Ratio :
S§8Z3.vs.DZZ0_all (12 h) S$SZ4.vs.DZZ0_all (24 h)
Metabolic pathways - @) Steroid hormone biosynthesis - (]
Steroid hormone biosynthesis - [} Tyrosine metabolism - ()
Carbon metabolism - Carbon metabolism - @)
Taurine and hypotaurine metabolism - ° Ascorbate and aldarate metabolism - [ ]
Ascorbate and aldarate metabolism - ° Nicotinate and nicotinamide metabolism -
-log10(Pvalue; -log10(Pvalue)
Arachidonic acid metabolism - ° 9 N 5( ) Arachidonic acid metabolism | [ ] 18
Serotonergic synapse - . . 20 Serctonergic synapse - @ ™ s
Nicotinate and nicotinamide metabolism - . s Ovarian steroidogenesis - 12
Caffeine metabolism- @ 09
Alanine, aspartate and glutamate metabolism - 0 0
@ Prolactin signaling pathway - o
2 Butanoate metabolism - E
k3
£ e Pentose phosphate pathway - °
] Number
- .
© Arginine biosynthesis Number Foltebiosyhess- 5
Pentose and glucuronate interconversions - . .2 ®
Dopaminergic synapse -
alpha-Linolenic acid metabolism - . ® 20 X
Pyruvate metabolism - . @ e X
. 55 Propanoate metabolism = . . 1
Propanoate metabolism - @ Oxidative phosphorylation - .
Oxidative phosphorylation - . One carbon pool by folate - e
Lysosome - . Lysosome - <
HIF-1 signaling pathway - 'l Cocaine addiction - .
D-Glutamine and D-glutamate metabolism - . Amphetamine addiction - .

Cholesterol metabolism - . 07 08 [ 10
/ ! ! ! Ratio
04 o' 08 10

SSZ6.vs.DZZ0_all (2 weeks)

Ratio
$8Z5.vs.DZZ0_all (5 days) Metabolic pathways - ()
Purine metabolism Biosynthesis of amino acids - °
Pyrimidine metabolism - @) Pyrimidine metabolism -
Cysteine and methionine metabolism- @) Carbon metabolism - o
Carbon metabolism- @ Taste transduction -
~log10(Pvalue;
‘Synaptic vesicle cycle - Ascorbate and aldarate metabolism - L] 9 ( )
~log10(Pvalue) .
Salivary secretion - L] I Taurine and hypotaurine metabolism - . 15
20
Glycerophospholipid metabolism - ° Pantothenate and CoA biosynthesis -
16 10
Biosynthesis of unsaturated fatty acids -~ @ i beta-Alanine metabolism - °
Ascorbate and aldarate metabolism- @ ) 05
08 2 Glyoxylate and dicarboxylate metabolism - o -
2 Vascular smooth muscle contraction - ° 5 Suttur rel .
E Sulfur rel te Y = it relay sysiem Number
ulfur relay system -
Number Pentose phosphate pathway - . . 2
Pentose and glucuronate interconversions - o o1
Pentose and glucuronate interconversions - . ® 18
Oxytocin signaling pathway - () e 3 ®
@ 4 Amino sugar and nucleotide sugar metabolism - .
Gastric acid secretion - @ s
(3 Valine, leucine and isoleucine degradation - X
Gap junction - ° ®:
k. .
Regulation of actin cytoskeleton - . Salivary secretion
Phototransduction - ) Propanoate metabolism -
Phosphonate and phosphinate metabolism - . Lysosome -
Glycerolipid metabolism - . Folate biosynthesis - .
Adrenergic signaling in cardiomyocytes - . Dopaminergic synapse - .

04 06 o8 10 G 04 o6 o 10 G
Ratio Ratio

Fig. 3. Enriched Kyoto Encyclopedia of Genes and Genomes pathway (only the top 20 enriched pathways are shown). (A) 30 minutes,
(B) 6 hours, (C) 12 hours, (D) 24 hours, (E) 5 days, and (F) 2 weeks.
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tive content of acetylcholine, histamine and noradrenaline. (C) Heat map of Ascorbate and aldarate metabolism.

tylcholine continues to decrease after reaching its peak. Even tive content of norepinephrine is almost unaffected. This may
after urinary incontinence, the upward trend is very slight in have caused detrusor sphincter dyssynergia.
the face of volume expansion caused by residual urine. The rela- In the KEGG enrichment analysis results, the metabolic
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pathways of ascorbic acid and aldehydes have attracted our at-
tention. This pathway is significantly enriched at almost every
time period of injury (P <0.05), and the content of differential
metabolites enriched by this metabolic pathway in the group
samples and the temporal trend of different differential metab-
olites maintain good consistency. This suggests that the biologi-
cal functions involved in the compounds in this pathway
should be relatively single and stable during the disease process,
as shown in the Fig. 4C, May be fully involved in the occur-
rence of neurogenic bladder after spinal cord injury. Based on
our understanding of the biological function of ascorbic acid
and the mechanism of disease occurrence, we believe that
ascorbic acid may mainly participate in antioxidant stress dam-
age here.

DISCUSSION

In this study, we identified a larger number of important metab-
olites in the bladder detrusor during the acute/subacute and
chronic phases of neurogenic bladder in rats after TSCI using
untargeted metabolomics. We also found time-dependent
changes in major differential metabolite pathways.

Firstly, there may be a time window for metabolic interven-
tion. In the early stage of spinal shock, especially within 6 hours,
the number of differential metabolites gradually increases in
rats. For example, L-ascorbic acid reaches its peak at 12 hours
after injury. Although it is still higher than normal at 24 hours
after injury, it shows a decrease compared to 12 hours after in-
jury. This reflects the rapid depletion of reserve materials in the
face of capacity expansion pressure. At around 5 days, spinal
shock ended and the levels of differential metabolites decreased
rapidly, indicating that the decreased bladder volume due to
urinary incontinence attenuated metabolic damage. At 2 weeks,
however, the injury worsened again, as evidenced by clustered
heatmap and the number of differential metabolites (Fig. 1D),
indicating the recurrence of the above pathological process and
some differential metabolic pathways. This result suggested the
necessity of long-term metabolic intervention.

Secondly, there are significant differences in the relative con-
tent of phosphocreatine among different samples within the
same group. Early research on neurogenic bladder in diabetes
found that the unstable contraction of neurogenic bladder de-
trusor might be related to the energy metabolism mode [17].
The results of this experiment indicate that this relationship
may be related to the phosphocreatine metabolism pathway in
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muscles, while the aerobic and anaerobic respiration of detru-
sor muscle cells are not related to this change. Unfortunately, in
order to ensure the stability of sampling after modeling, we did
not retain muscle tissue for muscle electrophysiological testing
during the same period.

Besides, we found that the number of steroid hormones in-
creased consistently in 12-24 hours after injury, including 17-hy-
droxyprogesterone (17-OHP), progesterone, androgen, estrogen,
corticosterone, hydrocortisone, etc. 17-OHP is an intermediate
steroid in the adrenal biosynthetic pathway that converts choles-
terol to cortisol by binding to the glucocorticoid receptor [18].
Though steroid hormones (such as 17-a-hydroxyprogesterone
and progesterone) are commonly found in females during preg-
nancy, they are also secreted in males under normal conditions.
They can relax smooth muscle, modulate the inflammatory re-
sponse to smooth muscle injury, and exert an antiendotoxin ef-
fect in local tissues [19,20]. Here, the secretion of a large amount
of steroid hormones may be caused by the response of the detru-
sor muscle to the enlargement of the bladder during the acute
phase of spinal shock. In addition, the increased progesterone
level may also have a protective effect by inhibiting endoplasmic
reticulum stress-induced apoptosis [21]. Since rats already had
urinary incontinence during spinal shock, it can be assumed that
the elevation of progesterone was likewise due to the enlarged
bladder. High levels of progesterone can suppress sexual desire
[22], which explains why some patients with urinary retention
from neurogenic bladder are often accompanied by sexual dys-
function. Nevertheless, we believed that sexual function is also
controlled by the spinal center. The changes in steroid hormones
explained the enlargement of bladder capacity following injury
and the release of steroids from the local bladder muscle. To
maintain bladder compliance for an increased residual urine vol-
ume, the steroids could inhibit muscle contraction and protect
the injured muscle cells from excessive apoptosis and prolifera-
tion of fibrous connective tissue. However, the results also indi-
cated that this compensatory mechanism was not sufficient to
compensate for the consequences of the injury.

In addition, its involvement in various physiological process-
es, ascorbic acid (also known as vitamin C) plays an important
role in healing muscle injuries and provides a favorable micro-
environment for the recovery of peripheral nerves [23,24].
Muscle rupture and scar-forming fibroblasts are found in the
bladder after spinal cord injury [25]. In this study, we found
significant alterations in taurine metabolism during the acute
phase of neurogenic bladder. It is reported that the combination
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of taurine and ascorbic acid decreases the mRNA expression of
inflammatory factors (such as interleukin-6) and reduces lipid
peroxidation [26]. In addition, detrusor instability is often ac-
companied by ischemia and reperfusion, and oxidative stress
induced by chronic bladder ischemia can promote the urina-
tion/micturition reflex [27]. As an important antioxidant,
ascorbic acid (vitamin C) could be actively involved in the pro-
gression of neurogenic bladder, which provided a new direction
for metabolic interventions.

In conclusion, LC-MS-based metabolomics revealed time-de-
pendent changes in the metabolome of bladder muscle. Based
on PLS-DA analysis and enrichment analysis of the KEGG da-
tabase, important pathways associated with the development of
neurogenic bladder after TSCI were identified, including sulfur
metabolism, steroid hormone biosynthesis, ascorbate and alde-
hyde metabolism, taurine and hypotaurine metabolism, butyr-
ate metabolism, tyrosine metabolism, ascorbate and aldehyde
metabolism, nicotinic acid and nicotinamide metabolism, car-
bon metabolism, and synaptic vesicle cycle. Of these, the ascor-
bic acid metabolism played a prominent role. Further studies
using more specific approaches (such as targeted metabolomics)
are needed to elucidate the exact metabolic pathways of key dif-
ferential metabolites.
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