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Abstract. Aldehyde dehydrogenase 2 (ALDH2) serves an 
important role in regulating the development of organ injury. 
The present study aimed to investigate the effects of ALDH2 
gene expression on the oxidative stress‑mediated NF‑κB/mTOR 
pathway in ketamine (Ket)‑induced cystitis (KIC). Primarily, 
human bladder epithelial cells of the SV‑HUC‑1 cell line were 
divided into groups for incubation with different concen‑
trations of Ket: 0, 0.5, 1, 1.5 and 2 mM. ALDH2 protein 
expression was then detected after 48 h of incubation with Ket. 
Subsequently, SV‑HUC‑1 cells were separated into a number 
of treatment groups, including: i) Control groups, comprising 
negative control (NC), NC + mTOR activator MHY1485 (Act), 
NC + Ket and NC + Ket + Act groups; ii) ALDH2 knockdown 
groups that were transfected with siRNA sequences targeting 
ALDH2 (si‑ALDH2), including si‑ALDH2, si‑ALDH2 + Act, 
si‑ALDH2 + Ket and si‑ALDH2 + Ket + Act groups; and iii) 
ALDH2 overexpression (OE‑ALDH2) transfection groups, 
comprising OE‑ALDH2, OE‑ALDH2 + Act, OE‑ALDH2 + 
Ket and OE‑ALDH2 + Ket + Act groups. The levels of apop‑
tosis, oxidative stress and inflammatory protein expression 
were assessed in each group. The results of the present study 
demonstrated that ALDH2 protein expression was significantly 
higher after treatment with Ket compared with the control 
group. Further analysis revealed that the si‑ALDH2 + Ket 
group demonstrated the highest levels of apoptosis, oxidative 
stress and inflammatory protein expression amongst all treat‑
ment groups. The levels of these indicators notably improved 
in the OE‑ALDH2 + Ket group compared with the NC + Ket 
group. Therefore, the results of the present study revealed that 
ALDH2 overexpression reduced Ket‑induced apoptosis, oxida‑
tive stress and inflammatory protein expression. Furthermore, 

co‑treatment with Act was shown to mitigate these factors. 
Additionally, ALDH2 may have modulated the inflammatory 
response by promoting mTOR activation and inhibiting NF‑κB 
phosphorylation. The present study concluded that ALDH2 
may represent a novel target for KIC treatment.

Introduction

Ketamine (Ket), commonly known as K powder, induces 
a strong sense of euphoria and exhibits notable hallucino‑
genic properties, leading to a large number of individuals, 
predominantly young individuals, that misuse this substance for 
recreational purposes (1). Studies have identified that long‑term 
Ket abuse can cause damage to the nervous (2), cardiovascular (3) 
and urinary systems  (4). The most common complications 
of urinary system damage are categorized as lower urinary 
tract symptoms (LUTS), characterized by frequent urination, 
urgency, suprapubic discomfort and hematuria. Symptoms of 
Ket usage that bear similarity to interstitial cystitis are attributed 
to Ket‑induced cystitis (KIC) (5); however, the pathogenesis of 
this condition remains ambiguous. Previous studies suggest that 
Ket and its metabolites in urine exert direct toxic effects on 
bladder urothelial cells, resulting in chronic inflammation and 
fibrosis of the bladder mucosa (6,7).

Aldehyde dehydrogenase 2 (ALDH2) is an important 
enzyme in aldehyde metabolism and plays an important role in 
antioxidant protection (8). Studies have revealed that inhibiting 
ALDH2 expression can promote the inflammatory response in 
septic rats, thereby aggravating kidney damage (9,10). ALDH2 
activation can also mitigate the hepatotoxic effects of acetamin‑
ophen and mediate cell damage caused by resultant oxidative 
products  (11). Additionally, ALDH2 may exert protective 
effects against myocardial damage associated with pulmonary 
hypertension (12). These findings suggest that ALDH2 plays 
an important role in mediating oxidative stress and regulating 
inflammation during the consequent organ damage. Previous 
studies have revealed that ALDH2 expression is closely associ‑
ated with urinary system diseases; ALDH2 has demonstrated 
anti‑inflammatory protective effects in diseases such as renal 
ischemia‑reperfusion injury (13), acute pyelitis (14), LUTS (15) 
and bladder tumors (16).

Our previous study identified that ALDH2 is upregulated 
in mice following Ket administration and that ALDH2 defi‑
ciency in mice aggravates KIC (17). However, the effects of 
ALDH2 on KIC in vitro remain to be fully elucidated. While 
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our previous investigation on ALDH2 knockout mice demon‑
strated that ALDH2 deficiency exacerbated KIC pathology, the 
specific cellular mechanisms and signaling pathways involved 
remain undefined. Previous studies have also indicated 
that ALDH2 mitigates lipopolysaccharide‑induced damage 
to myocardial H9C2 cells through the cyclic GMP‑AMP 
synthase/stimulator of interferon genes protein pathway (18) 
and protects against acute kidney injury via autophagy regula‑
tion in HK‑2 cells (19). The present study aimed to elucidate 
the molecular mechanisms through which ALDH2 protected 
bladder epithelial cells from Ket‑induced injury, specifically 
by examining the oxidative stress‑mediated crosstalk between 
the NF‑κB and mTOR pathways. 

Materials and methods

Cell culture and reagents. The immortalized human bladder 
epithelial cell line SV‑HUC‑1 was purchased from The Cell 
Bank of Type Culture Collection of The Chinese Academy 
of Sciences. Cells were cultured in 89% F12K medium 
(cat. no. LA1320; Beijing Solarbio Science & Technology Co., 
Ltd.) supplemented with 10% heat‑inactivated fetal bovine 
serum (cat.  no.  A511‑001; Lonsera; Shanghai Shuangru 
Biotechnology Co., Ltd.) and 1% penicillin‑streptomycin 
(cat. no. BL505A; Biosharp Life Sciences) at 37˚C with 5% 
CO2. The growth of the cells was observed for 24 h and when 
the cell density reached >80%, they were passaged. SV‑HUC‑1 
cells were used at passages 2 and 3. Cells were authenticated 
by short tandem repeat profiling and tested negative for myco‑
plasma contamination. According to previous studies, the 
stimulatory effect of Ket on cells is both concentration‑ and 
time‑dependent (20,21). Based on these previous KIC‑related 
studies, the present study selected 0.5, 1, 1.5 and 2 mM as 
test concentrations for Ket treatment. To test the effects of 
differing Ket concentrations, SV‑HUC‑1 cells were initially 
incubated in 6‑well plates. Upon reaching 80% confluency, 
cells were exposed to equal volumes of Ket at different 
working concentrations (0, 0.5, 1, 1.5 and 2 mM) for 48 h at 
37˚C. Ket hydrochloride was purchased from Fujian Gutian 
Pharmaceutical Co., Ltd. After 48 h of incubation with Ket, 
cells were collected for ALDH2 protein semi‑quantitative 
analysis using western blotting.

Transfection of cells for ALDH2 knockdown and overexpres‑
sion. SV‑HUC‑1 cells were transfected with siRNA sequences 
targeting ALDH2 (si‑ALDH2) in order to establish a model 
of ALDH2 knockdown; cells were also transfected with an 
appropriate non‑targeting negative control (NC) siRNA (si‑NC). 
All siRNA sequences used in this study are listed in Table I. 
The siRNA sequences used were designed and synthesized by 
Jiangsu Saisuofei Biotechnology Co., Ltd. siRNA sequences 
were transfected into SV‑HUC‑1 cells using Lipo8000™ 
Transfection Reagent (cat. no. C0533; Beyotime Biotechnology) 
according to the manufacturers' instructions. Reverse tran‑
scription‑quantitative PCR (RT‑qPCR) was used to screen 
for knockdown efficiency of small interfering RNA (siRNA) 
sequences. The siRNA sequence with the highest knockdown 
efficiency was identified to be si‑ALDH2‑1272 (Figs. S1‑S5).

To induce ALDH2 overexpression (OE‑ALDH2), the 
coding DNA sequence (CDs) region of the ALDH2 mRNA 

sequence was cloned and inserted into the pcDNA3.1‑EGFP 
(Genecefe Bio) overexpression vector. Empty plasmid was 
used as the NC. PCR conditions: Incubation at 42˚C for 40 min, 
heating at 85˚C for 5 min and storing at 4˚C. cDNA was stored 
at ‑20˚C. The overexpression vector containing the ALDH2 
CDs sequence was transfected into SV‑HUC‑1 cells using 
Lipo8000 Transfection Reagent (cat. no. C0533; Beyotime 
Biotechnology) according to the manufacturers' instructions. 

The present study subsequently used western blotting 
to detect the protein expression of ALDH2 in transfected 
cells to verify the successful transfection of si‑ALDH2 and 
OE‑ALDH2 compared with their control groups (Fig. S6). 
According to the results of the aforementioned investigation 
into the effects of Ket dosage on ALDH2 expression, 1 mM 
Ket was selected as the optimal concentration for treatment of 
SV‑HUC‑1 cells. Additionally, 10 uM of the mTOR activator 
MHY1485 (Act; cat. no. HY‑B0795; MedChemExpress) was 
used to treat cells; this helps cells resist apoptosis and oxidative 
stress damage, allowing them to survive in harsh environments. 
Subsequently, the present study established a number of treat‑
ment groups, including: i) NC groups comprising cells that did 
not undergo transfection (NC, NC + Act, NC + Ket and NC + 
Ket + Act groups); ii) ALDH2 knockdown groups (si‑ALDH2, 
si‑ALDH2 + Act, si‑ALDH2 + Ket and si‑ALDH2 + Ket + Act 
groups); and iii) ALDH2 overexpression groups (OE‑ALDH2, 
OE‑ALDH2 + Act, OE‑ALDH2 + Ket and OE‑ALDH2 + 
Ket + Act groups). After transfection, cells in each group were 
incubated with equal volumes of complete culture medium for 
48 h at 37˚C before observation under a light microscope and 
collection for subsequent experiments.

RT‑qPCR screening for si‑ALDH2 sequence knockdown 
efficiency. The mRNA sequence of ALDH2 was obtained 
from the Reference Sequence database curated by the National 
Center for Biotechnology Information (22) and the primers 
used in RT‑qPCR were designed and synthesized by Sangon 
Biotech Co., Ltd., using the Primer Premier 5.0 software 
(Premier Biosoft Inc.). The housekeeping gene GAPDH was 
used as an internal reference.

Total RNA was extracted from SV‑HUC‑1 cells using Trizol 
reagent (cat. no. R1100; Beijing Solarbio Technology Co., Ltd.). 
Subsequently, 50% by volume chloroform (cat. no. C2432; 
Merck KGaA) was added to cells for the RNA extraction, and 
the upper aqueous phase was collected after centrifugation. An 
equal volume of isopropanol (cat. no. W292907; Merck KGaA) 
was added to the supernatant before RNA was precipitated 
by centrifugation at 11,300 x g for 15 min at 4˚C. Extracted 
RNA was washed with 70% alcohol, dried and suspended in 
enzyme water. Subsequently, RNA concentration and purity 
were determined using an ultra‑micronucleic acid detector 
(cat. no. FC‑1100; Hangzhou Suizhen Biotechnology Co., Ltd.). 
A total of 200 ng RNA was reverse transcribed using a reverse 
transcription kit (cat. no. RN05004M; Mona Biotechnology, 
Co., Ltd.) according to the manufacturer's protocol, and the 
resulting cDNA was stored at ‑20˚C until subsequent use in the 
qPCR protocol.

First, RNA concentration was measured, followed by 
cDNA synthesis. Each reaction for the qPCR process included: 
5 µl SYBR‑Green Premix Taq (cat. no. RN04006M; Mona), 
1 µl cDNA (100 ng/µl), 0.3 µl forward primer (10 µmol/l), 
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0.3 µl reverse primer (10 µmol/l) and 3.4 µl water. The ther‑
mocycling conditions were as follows: Initial denaturation 
was performed at 95˚C for 30 sec, followed by 40 cycles of 
denaturation at 95˚C for 5 sec, annealing at 60˚C for 30 sec 
and extension at 72˚C for 15 sec. qPCR was performed on the 
ABI 7500 qPCR instrument (Thermo Fisher Scientific, Inc.). 
Relative protein expression was normalized against the expres‑
sion of GAPDH from control group cells. Protein expression 
levels were analyzed using SPSS software (Version  23.0; 
IBM Corp.) via the 2‑ΔΔCq method (23). The formulas used 
for semi‑quantification of protein expression were as follows: 
ΔCq=(Cq gene‑Cq GAPDH) and ΔΔCq=(ΔCq treatment‑ΔCq 
control). Primer sequences are provided in Table II.

Cell Counting Kit‑8 (CCK‑8) determination. After trans‑
fection, the cytotoxicity of Ket in SV‑HUC‑1 cells was 
evaluated via CCK‑8 assay (cat. no. M006; Zhejiang Meisen 
Cell Technology Co., Ltd.). A total of 20 µl CCK‑8 solution 
was added to each well and cells were incubated with CCK‑8 
reagent for 2.5 h at 37˚C with 5% CO2. The absorbance of cells 
was determined at 450 nm by microplate reader.

Flow cytometry detection of cell apoptosis. After digestion 
for 2 min with EDTA‑free trypsin at room temperature, cells 
were collected by centrifugation at 25 x g for 5 min at room 
temperature. Subsequently, cells were resuspended in PBS 
(cat. no. F002; Zhejiang Meisen Cell Technology Co., Ltd) that 
had been pre‑chilled at 4˚C, centrifuged again as in the first step 
and washed. Cells were resuspended in 300 µl binding buffer 
and incubated with 5 µl annexin V‑FITC (cat. no. 401006; 
BestBio) at room temperature for 15 min in the dark. Cells 
were subsequently stained with 10  µl PI (cat.  no.  C1052; 
Beyotime Biotechnology), mixed and incubated in the dark at 
room temperature for 10 min. Finally, cells were detected by 
flow cytometry (FACSVerse; BD Biosciences) and analyzed 
using FlowJo software (version 7.6, BD Biosciences).

Fluorescent probe detection of intracellular reactive oxygen 
species (ROS) levels. The fluorescent probe 2',7'‑dichloro‑
fluorescein diacetate (DCFH‑DA) from the Reactive Oxygen 

Species Assay Kit (cat. no. S0033S; Beyotime Biotechnology) 
was diluted in serum‑free medium to reach a final concentration 
of 10 µmol/l at a dilution of 1:1,000. The cell culture medium 
was removed from cell samples of all transfection treatments 
and cells were subsequently seeded in 12‑well plates. A total 
of 1 ml diluted DCFH‑DA was added to each 12‑well plate 
and cells were incubated with the probes at 37˚C for 20 min. 
Excess DCFH‑DA was removed by washing the cells with 
serum‑free cell culture thrice. DAPI was diluted in serum‑free 
culture medium and cells were incubated with DAPI at 37˚C 
for 10 min. Cells were washed three times with serum‑free 
culture medium and subsequently seeded in complete culture 
medium. Finally, cells were observed and imaged using a 
fluorescence microscope (Olympus Corporation). The average 
fluorescence intensity of ROS was detected using Image J 
software (National Institutes of Health).

Western blot analysis. Transfected and untransfected cell 
samples were lysed in RIPA buffer (cat. no. P0013B; Beyotime 
Biotechnology) containing protease inhibitors (cat. no. S1873; 

Table II. Reverse transcription‑quantitative PCR primer 
sequences.

		  Sequence
Primer	 Sequence (5'‑3')	 length, bp

ALDH2		  135
  Forward	 AACCTGTGGGGGTGTGCGG	
  Reverse	 GGGCGGTGAGGGGTGTCTG	
GAPDH		  151
  Forward	 CGGATTTGGTCGTATTG	
  Reverse	 GAAGATGGTGATGGGATT	

ALDH2, aldehyde dehydrogenase 2. Primer sequences were designed 
based on the human ALDH2 mRNA reference sequence (RefSeq 
accession number NM_000690.4) retrieved from the NCBI Reference 
Sequence database (https://www.ncbi.nlm.nih.gov) (22).

Table I. siRNA sequences.

Oligo name	 Sequence (5'‑3')	 RNA concentration, ng/µl

ALDH2‑human‑1272		  260.85
  Forward	 CCUGAAGUUCAAGACCAUATT	
  Reverse	 UAUGGUCUUGAACUUCAGGTT	
ALDH2‑human‑1500		  245.37
  Forward	 GGCAUACACUGAAGUGAAATT	
  Reverse	 UUUCACUUCAGUGUAUGCCTT	
ALDH2‑human‑493		  250.71
  Forward	 GGAGACUUCUUCAGCUACATT	
  Reverse	 UGUAGCUGAAGAAGUCUCCTT	
siRNA FAM marker negative control		  263.19
  Forward	 UUCUCCGAACGUGUCACGUTT	
  Reverse	 ACGUGACACGUUCGGAGAATT	

https://www.spandidos-publications.com/10.3892/mmr.2026.13895
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Beyotime Biotechnology) and the protein concentration was 
subsequently quantified using the BCA method. Equal amounts 
of protein (25 µg) were loaded and separated on 12% gels 
by SDS‑PAGE and then transferred onto PVDF membranes 
(cat. no. IPVH00010; MilliporeSigma). The membranes were 
rinsed three times with TBST (0.1% Tween‑20) for 5 min each 
time, and then slowly shaken with 5% BSA (cat. no. P0023B; 
Beyotime Biotechnology) at room temperature for 2 h. After 
blocking, the membranes were incubated with primary anti‑
bodies at 4˚C overnight, washed with TBST (0.1% Tween‑20) 
and subsequently incubated with secondary antibodies at 
37˚C for 1 h. The primary antibodies used were as follows: 
ALDH2 (1:1,000; cat. no. 18818; CST Biological Reagents 
Co., Ltd.), caspase‑3 (1:1,000; cat. no. 9662; CST Biological 
Reagents Co., Ltd.), nuclear factor erythroid 2‑related factor 2 
(Nrf2; 1:1,000; cat. no. 12721; CST Biological Reagents Co., 
Ltd.), mTOR (1:1,000; cat. no. AF6308; Affinity Biosciences), 
phosphorylated (p)‑mTOR (1:1,000; cat.  no.  AF3308; 
Affinity Biosciences), cyclooxygenase‑2 (COX‑2; 1:1,000; 
cat. no. 12282; CST Biological Reagents Co., Ltd.), NF‑κB 
(1:1,000; cat. no. 12540; CST Biological Reagents Co., Ltd.), 
p‑NF‑κB (1:800; cat. no. 3033; CST Biological Reagents Co., 
Ltd.), IL‑1 (1:2,000; cat. no. ab283818; Abcam), IL‑6 (1:2,000; 
cat. no. ab229381; Abcam) and GAPDH (1:5,000; cat. no. 2118; 
CST Biological Reagents Co., Ltd.). Goat anti‑rabbit 
HRP‑conjugated antibodies were used as secondary anti‑
bodies (1:10,000; cat. no. AP307P; MilliporeSigma). GAPDH 
was used as an internal loading control for densitometric 
analysis, whereas phosphorylated proteins were normalized 
to their total protein counterparts. ECL luminescent liquid 
(cat.  no.  P0018AS; Beyotime Biotechnology) was added 
to the membrane, and the protein bands on the membrane 
were visualized. The bands were semi‑quantified using MD 
ImageQuant software (version 5.2; Molecular Dynamics, Inc.).

Co‑immunoprecipitation (CO‑IP) verification of the protein 
interaction between mTOR and NF‑κB. Cells were lysed in 
2 ml of IP lysis buffer [150 mM NaCl, 50 mM Tris (pH 7.5), 
1 mM EDTA, 0.5%NP40, 10% glycerol and protease inhibitor 
cocktail] supplemented with protease inhibitors. The lysates 
were cleared by centrifugation at 12,000 x g for 15 min at 
4˚C. The supernatant was used as the total protein, and a 
portion was reserved as an input control. Equal amounts of 
protein (25 µg) were taken and then incubated with 2 µg of 
rabbit IgG (cat. no. 2729; CST Biological Reagents Co., Ltd.) 
or 50 µl of anti‑mTOR (1:1,00; cat. no. 2983; CST Biological 
Reagents Co., Ltd.) antibody overnight at 4˚C with gentle 
agitation. Following this, 50  µl of Protein A/G magnetic 
beads (cat. no. P2108; Beyotime Biotechnology) were added 
and incubated for 2 h at 4˚C. The beads were washed three 
times with lysis buffer at 1,000 x g for 1 min at 4˚C, and the 
immunoprecipitated proteins were eluted by boiling in SDS 
loading buffer and subjected to SDS‑PAGE followed by 
immunoblotting (mTOR and NF‑κB antibodies, as described 
in in the western blot analysis).

Statistical analysis. All statistical analyses in the present study 
were conducted on GraphPad software (version 8.0; Dotmatics) 
and data are presented as the mean  ±  SD. Comparisons 
between groups were performed using one‑way ANOVA 

followed by Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference. All experiments 
were repeated independently at least three times to obtain 
three biological replicates, with triplicate technical replicates 
performed for each sample.

Results

ALDH2 protein expression in SV‑HUC‑1 cells. Relative 
ALDH2 expression levels in the 0.5, 1 and 1.5 mM induction 
groups were significantly higher compared with the 0 mM 
control group (P<0.05). However, no significant difference 
in ALDH2 expression was observed in the 2 mM induction 
group compared with the 0 mM group (P>0.05), as shown in 
Fig. 1. The results of the present study revealed that ALDH2 
expression level increased following Ket stimulation; however, 
ALDH2 expression decreased at Ket concentrations >1.5 mM 
due to significant reductions in cell viability. Furthermore, 
caspase‑3 protein expression increased as Ket concentration, 
and therefore SV‑HUC‑1 cell apoptosis, increased. Caspase‑3 
protein expression was shown to be Ket concentration‑depen‑
dent. CCK‑8 cell viability assays demonstrated that cell 
viability steadily decreased with increasing Ket concentration. 
Based on these experimental results, 1 mM was selected as 
the optimal working concentration of Ket for subsequent 
experiments.

ALDH2 protects bladder cells from apoptotic damage. To 
explore differences in bladder endothelial cell viability under 
different treatment conditions, the present study ascertained cell 
viability in NC, ALDH2 knockdown and OE‑ALDH2 groups; 
these groups were subdivided into additional treatment groups 
comprising cells administered Ket, Act and combination treat‑
ments, as well as control groups that were administered no 
additional treatments. The results of the present study iden‑
tified that cells in the si‑ALDH2 + Ket group demonstrated 
a notable decrease in cell viability levels compared with the 
si‑ALDH2 group. Similarly, cell viability rates were notably 
lower in the si‑ALDH2 + Ket group compared with the NC + 
Ket group. Following treatment with Act, cell viability rates 
markedly increased across all groups. However, the present 
study observed an increase in cell viability in the OE‑ALDH2 + 
Ket group compared with the NC + Ket group. This increase 
was notably more pronounced following the addition of Act 
between si‑ALDH2 + Ket and si‑ALDH2 + Ket + Act (Fig. 2). 
There was little difference in cell viability between the NC, 
si‑ALDH2 and OE‑ALDH2 groups. Summarily, these results 
indicated that ALDH2 expression was likely associated with 
maintaining cell viability in Ket‑stimulated SV‑HUC‑1 cells. 
Furthermore, the addition of an mTOR activator was shown 
mitigate the effects of Ket on cell viability.

ALDH2 upregulation reduces cell injury. To further clarify 
the effects of ALDH2 expression on KIC, the present study 
used flow cytometry to detect apoptosis in bladder epithelial 
cells. The results of the present study revealed a significant 
increase in apoptosis in the si‑ALDH2 + Ket group compared 
with the si‑ALDH2 group (Fig. 3). The increase in apoptotic 
rate observed in the si‑ALDH2 + Ket group was also signifi‑
cant compared with the NC + Ket group, which indicated that 
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ALDH2 knockdown promoted apoptosis in KIC. However, 
apoptotic rate was significantly reduced in the OE‑ALDH2 + 
Ket group compared with the NC + Ket group. This indicated 
that ALDH2 upregulation may have reduced the occurrence 
of cell injury. Furthermore, apoptosis appeared to be partially 
suppressed in bladder cells following co‑treatment with Act. 
These findings suggested that ALDH2 upregulation inhibited 
apoptosis in bladder endothelial cells.

ALDH2 upregulation mitigates oxidative stress. Apoptosis 
is largely associated with intracellular oxidative stress (24). 

Therefore, the present study used fluorescent probes to detect 
the intracellular ROS levels of various treatment groups. 
As indicated in Fig. 4, the fluorescence intensity of ROS in 
the si‑ALDH2 + Ket group was significantly greater than 
in the NC + Ket and si‑ALDH2 groups. However, after the 
addition of Act, the fluorescence intensity of ROS decreased 
significantly. Furthermore, the fluorescence intensity of ROS 
in the OE‑ALDH2 + Ket group was markedly lower than in 
the si‑ALDH2 + Ket and NC + Ket groups. Furthermore, no 
significant differences were observed in ROS fluorescence 
intensity between the NC, NC‑Act, si‑ALDH2, si‑ALDH2 + 

Figure 1. Western blotting and cell viability. (A) Western blotting was used to determine ALDH2 and caspase‑3 protein expression in SV‑HUC‑1 cells that 
had been treated with different concentrations of Ket (0, 0.5, 1, 1.5 and 2 mM) for 48 h. (B) Cell viability in SV‑HUC‑1 cells following treatment with various 
concentrations of Ket. The results of western blot analyses were then semi‑quantified. Cell viability at various Ket concentrations was determined via CCK‑8 
assay. Representative images of SV‑HUC‑1 cells under various Ket treatments are shown (x100 magnification). Data are expressed as the mean ± SD of 3 
biological replicates. *P<0.05 and **P<0.01 vs. 0 mM group. ALDH2, aldehyde dehydrogenase 2; CCK‑8, Cell Counting Kit‑8; Ket, ketamine.
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Act, OE‑ALDH2 and OE‑ALDH2 + Act groups. These find‑
ings suggested that ALDH2 upregulation reduced oxidative 
stress damage in bladder endothelial cells

ALDH2 upregulation prevents inflammation by regulating 
the mTOR/NF‑κB pathway. To further explore the mechanism 

by which ALDH2 reduces inflammation in the bladder, the 
present study analyzed the expression of components of the 
mTOR/NF‑κB signaling pathway to elucidate the specific 
role of ALDH2. Consistent with the results of apoptosis and 
ROS analyses, the results of western blot analysis (Fig. 5) 
demonstrated that phosphorylation levels of the nuclear 

Figure 2. Effects of ALDH2 expression on cell viability in Ket‑induced SV‑HUC‑1 cells. The cell viability of SV‑HUC‑1 cells was determined by Cell 
Counting Kit‑8 assay. Cells were divided into NC, si‑ALDH2 and OE‑ALDH2 transfection groups and independently incubated in control, Ket, Act or Ket + 
Act conditions. Representative images are provided for each group after 48 h of treatment (x100 magnification). Data in the cell viability graph are expressed 
as the mean ± SD of three biological replicates. NC, negative control; ALDH2, aldehyde dehydrogenase 2; Act, mTOR activator MHY1485; Ket, ketamine; 
si‑ALDH2, small interfering RNA sequences targeting ALDH2; OE‑ALDH2, ALDH2 overexpression.
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transcription factor NF‑κB were highest in the si‑ALDH2 + 
Ket group at a relative expression level of 1.69±0.06; this was 
significantly higher than the relative expression of p‑NF‑κB 

observed in the NC + Ket group at 1.39±0.07. However, this 
expression was notably reduced in the OE‑ALDH2 + Ket 
group 1.05±0.07. These results show that decreased ALDH2 

Figure 3. Effects of ALDH2 expression on apoptosis in Ket‑induced SV‑HUC‑1 cells. Apoptosis in various NC, si‑ALDH2 and OE‑ALDH2 groups was 
determined by flow cytometry. *P<0.05 and **P<0.01 vs. NC group; #P<0.05 vs. NC + Ket group. Data are expressed as the mean ± SD of 3 biological replicates. 
NC, negative control; ALDH2, aldehyde dehydrogenase 2; Act, mTOR activator MHY1485; Ket, ketamine; si‑ALDH2, small interfering RNA sequences 
targeting ALDH2; OE‑ALDH2, ALDH2 overexpression.

https://www.spandidos-publications.com/10.3892/mmr.2026.13895
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expression leads to increased inflammation, while upregula‑
tion of ALDH2 expression leads to decreased inflammation. 

It indicates that inflammatory levels were negatively associ‑
ated with ALDH2 expression. The expression levels of COX‑2 
(3.51±0.48 vs. 2.48±0.29), IL‑1 (4.00±037 vs. 3.29±033) and 
IL‑6 (5.23±0.82 vs. 2.99±0.11) were also significantly elevated 
in the si‑ALDH2 + Ket group compared with the NC + Ket 
group. Additionally, compared with all other treatment groups 
in the present study, the si‑ALDH2 + Ket treatment group 
demonstrated the highest expression levels of these proteins, 
which are all located downstream of NF‑κB (25). However, the 
expression levels of the aforementioned proteins were signifi‑
cantly reduced in the OE‑ALDH2 + Ket group compared with 
the si‑ALDH2 + Ket and NC + Ket groups. After co‑treatment 
with Act, the expression levels of the inflammatory proteins 
COX‑2, IL‑1 and IL‑6 in each transfection group notably 
decreased. Furthermore, mTOR phosphorylation in the 
OE‑ALDH2 + Ket group was significantly elevated compared 
with the NC + Ket group. mTOR phosphorylation levels were 
also significantly lower in the si‑ALDH2 + Ket group compared 
with the NC + Ket group. Nrf2 protein expression showed a 
similar trend. Compared with the NC + Ket group, signifi‑
cantly reduced expression levels of Nrf2 were observed in the 
si‑ALDH2 + Ket group, which demonstrated the lowest Nrf2 
expression levels among all treatment groups. Additionally, 
significant upregulation of Nrf2 was observed in the 
OE‑ALDH2 + Ket group compared with the NC + Ket group, 
while, there were no statistical significances between cells not 
treated with Ket (NC, NC + Act, si‑ALDH2, si‑ALDH2 + Act, 
OE‑ALDH2 and OE‑ALDH2 + Act). These results suggested 
that ALDH2 may have modulated the degree of inflammation 
in bladder epithelial cells by promoting mTOR phosphoryla‑
tion and inhibiting NF‑κB expression. Additionally, the results 
of the CO‑IP assay in the present study indicated an indirect 
or functional interaction between mTOR and NF‑κB (Fig. S7).

Discussion

Currently, symptomatic methods remain the primary approach 
for treating KIC, including steroidal and non‑steroidal 
anti‑inflammatory drugs, oral anticholinergics and intravesical 
instillations of drugs, such as hyaluronic acid. However, 
the outcomes of such treatments are often poor for patients 
with late stage KIC, underscoring the notable importance 
of studying KIC pathogenesis  (26). A previous study has 
reported that bladder urothelial denudation, lamina propria 
fibrosis and inflammation are common pathological features 
of KIC (27). Ket and its metabolites in urine exert direct toxic 
effects on the bladder urothelium, generating free radicals of 
ROS and reactive nitrogen species. These free radicals react 
with polyunsaturated fatty acids in the cell membrane to 
form lipid peroxides, which damage bladder cells and disrupt 
the bladder mucosal barrier. These lipid peroxides include 
4‑hydroxy‑2‑nonenal and malondialdehyde, which can disrupt 
the mitochondrial respiratory chain and the activity of mito‑
chondrial antioxidant enzymes. Consequently, oxidative stress 
is considered to be an important factor in the occurrence and 
development of KIC (17).

ALDH2 can convert aldehydes into their corresponding 
non‑toxic acid forms  (28), as well as reduce inflamma‑
tion and inhibit apoptosis. A study reported by Zhang and 
Fu  (29) revealed that ALDH2 inhibited tumor occurrence 

Figure 4. Effects of ALDH2 expression on oxidative stress in Ket‑induced 
SV‑HUC‑1 cells. Fluorescent probes were used to detect intracellular ROS 
and fluorescence intensity for each group was quantified and compared (x100 
magnification). *P<0.05 and **P<0.01 vs. NC group; #P<0.05 vs. NC + Ket 
group. Data are expressed as the mean ± SD of 3 biological replicates. NC, 
negative control; ALDH2, aldehyde dehydrogenase 2; Act, mTOR activator 
MHY1485; Ket, ketamine; si‑ALDH2, small interfering RNA sequences 
targeting ALDH2; OE‑ALDH2, ALDH2 overexpression; ROS, reactive 
oxygen species.
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Figure 5. Effects of ALDH2 expression on inflammation in Ket‑induced SV‑HUC‑1 cells. (A) Western blotting was used to detect the protein expression 
levels and its semi‑quantification of (B) Nrf2, (C) mTOR, (D) p‑mTOR, (E) NF‑κB, (F) p‑NF‑κB, (G) COX‑2, (H) IL‑6 and (I) IL‑1 in each treatment group. 
Blots were normalized against GAPDH, with p‑mTOR and p‑NF‑κB expression also normalized against total mTOR and NF‑κB. Results of western blotting 
were semi‑quantified. *P<0.05 vs. NC + Ket group. Data are expressed as the mean ± SD of 3 biological replicates. NC, negative control; ALDH2, aldehyde 
dehydrogenase 2; Act, mTOR activator MHY1485; Ket, ketamine; si‑ALDH2, small interfering RNA sequences targeting ALDH2; OE‑ALDH2, ALDH2 
overexpression; Nrf2, nuclear factor erythroid 2‑related factor 2; p‑, phosphorylated‑; COX‑2, cyclooxygenase‑2.

https://www.spandidos-publications.com/10.3892/mmr.2026.13895
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and progression, reduced the production of carcinogenic 
aldehydes and served as a potential target for tumor treatment. 
Another study by Zhong et al (30) also observed that increased 
ALDH2 expression reduced oxidative stress damage during 
ischemia‑reperfusion injury and inhibited renal cell apoptosis. 
Furthermore, a study reported by Ramakrishnan et al (31) also 
observed that ALDH2 was upregulated in muscle‑invasive 
bladder cancer as part of a protective anticancer response. 
Based on the notable antioxidant and anti‑inflammatory effects 
of ALDH2 in urinary tract tumors (16) and inflammation, the 
aforementioned findings suggest that ALDH2 may represent a 
novel target for the prevention and treatment of KIC.

The results of our previous in vivo study (17) in Ket‑induced 
mice demonstrated that inflammation and fibrosis in ALDH2 
knockout mice were markedly increased compared with 
wild‑type mice. To further support our previous hypothesis 
that ALDH2 exerts protective effects against bladder injury, 
the present study established a model of Ket‑induced bladder 
endothelial cell injury to study the effects of ALDH2 gene 
expression on markers of KIC. The present study observed that 
exposure to low concentrations of Ket upregulated ALDH2 
protein expression in SV‑HUC‑1 cells, which was consistent 
with our previous in vivo observations on ALDH2 expression 
in mice, indicating that this upregulation might be protective. 
However, at higher concentrations of Ket, cell damage exceeds 
its own compensatory capacity, leading to a decrease in the 
protective expression of ALDH2. With the decrease in ALDH2 
expression, apoptosis protein Caspase‑3 was further activated 
and cell viability decreased significantly, demonstrating that 
ALDH2 may play a role in protecting against oxidative stress. 
Other studies, such as a study by Ji et al (32) on a mouse model 
of heart failure, identified that heat shock factor protein 1 regu‑
lated ALDH2 expression and delayed the onset of heart failure. 
Furthermore, another study reported by Wohlfart et al (33) iden‑
tified that ALDH2 was upregulated in glyoxalase 1‑/‑ zebrafish 
in a compensatory manner, therefore increasing the antioxidant 
and detoxification capacity of reactive carbonyl substances.

Upon direct stimulation of bladder mucosal tissue by toxic 
products, oxidative stress‑induced damage results in cellular 
production of several ROS. Oxidative stress can activate the 
important inflammatory transcription factor NF‑κB. NF‑κB, 
as an upstream core transcription factor, mediates the activa‑
tion of the caspase cascade further promoting the expression 
of inflammatory proteins (COX‑2 and inducible nitric oxide 
synthase) and the release of inflammatory mediators (IL‑1β 
and IL‑6), and inhibiting the expression of the anti‑oxidative 
protein Nrf2 (34). A study reported by Tsai et al (35) observed 
that ALDH2 transcriptional activation reduced ROS production 
and inhibited the NF‑κB pathway, thereby reducing vascular 
smooth muscle cell apoptosis and preventing the formation 
of abdominal aortic aneurysms. Another study revealed that 
ALDH2 protects the kidneys against ischemia‑reperfusion 
injury by inhibiting the IκBα/NF‑κB/IL‑17C pathway (36). 
The experimental results of the present study revealed that in 
oxidative stress damage induced by Ket, ALDH2 overexpres‑
sion reduced ROS production and inhibited activation of the 
NF‑κB pathway, reducing the production of inflammatory 
factors. However, ALDH2 knockdown resulted in an imbal‑
ance in oxidation‑antioxidant levels, such as increased ROS 
levels and decreased cell viability, thus activating the NF‑κB 

pathway and increasing the production of pro‑inflammatory 
and pro‑fibrotic factors. 

mTOR is a serine/threonine kinase that regulates various 
cellular functions, including the cellular stress response, 
metabolism, survival and growth (37). Research has increas‑
ingly focused on the role of mTOR in a number of important 
pathophysiological processes in the human body, including 
inflammation, injury, proliferation, tissue repair and tumorigen‑
esis (38). A study reported by Zahid et al (39) on alcohol‑induced 
metabolic diseases demonstrated that transcriptional inhibition 
of ALDH2 expression resulted in alcohol‑induced chronic 
oxidative stress to modulate the mTOR pathway, thus promoting 
the onset and progression of hepatocellular carcinoma. Another 
study has revealed that ALDH2 regulates autophagy via the 
Akt/mTOR pathway, thereby reducing oxidative stress and miti‑
gating renal ischemia‑reperfusion injury (40). The present study 
demonstrated that in oxidative stress damage induced by Ket, 
ALDH2 knockdown induced ROS accumulation, which inhib‑
ited mTOR via the oxidative stress pathway. Reduced mTOR 
expression has been shown to impair cellular antioxidant and 
metabolic homeostasis, which ultimately amplifies the inflam‑
matory and fibrotic responses. Functional interception of ROS 
activity via methods such as mTOR activation can partially 
reverse this pathological process (41). Notably, the results of 
the co‑IP assay performed in the present study demonstrated 
that mTOR and NF‑κB are likely associated through func‑
tional interactions or indirect pathways, rather than via direct 
protein‑protein interactions.

The results of the present study supported our hypothesis 
that ALDH2 was likely responsible for reducing the oxidative 
stress‑induced damage to bladder tissue caused by Ket and its 
metabolites, and that this mitigation of oxidative stress was 
achieved via regulation of the NF‑κB and mTOR pathways 
to reduce bladder epithelial cell inflammation. Knockdown 
of the ALDH2 gene was also shown to aggravate KIC. As 
these results were consistent with the results of our previous 
in vivo study in mice, we hypothesize that ALDH2 deficiency 
represents an important risk factor for KIC and other lower 
urinary tract diseases. Currently, our research into the effects 
of ALDH2 on KIC has focused on the use of mouse and cell 
models; however, in future studies we will conduct clinical 
analyses on patients with KIC, including measurements of 
daily Ket dosage, and serum and urinary Ket concentration.
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