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Objective. Ischemia-reperfusion injury (IRI) is an important cause of delayed functional recovery after transplantation. This study
is aimed at investigating the molecular mechanism of ALDH?2 in a kidney ischemia-reperfusion model based on RNA-seq.
Methods. We performed kidney ischemia-reperfusion in ALDH2”" and WT mice and evaluated kidney function and
morphology using SCr, HE staining, TUNEL staining, and TEM. We used RNA-seq to compare mRNA expression in
ALDH2” and WT mice after IR, and then, we verified the related molecular pathways by PCR and western blotting. In
addition, activators and inhibitors of ALDH2 were used to alter the activity of ALDH?2. Finally, we established a model of hypoxia
and reoxygenation in HK-2 cells and clarified the role of ALDH2 in IR by interfering with ALDH2 and using an NF-«B inhibitor.
Results. After kidney ischemia-reperfusion, the SCr value increased significantly, kidney tubular epithelial cells were damaged, and
the apoptosis rate increased. In the microstructure, mitochondria were swollen and deformed, and ALDH2 deficiency aggravated
these changes. The NF-xB pathway and IL-17 pathway were significantly enriched in ALDH2”" mice compared with WT mice
according to KEGG enrichment analysis of the RNA-seq data. The PCR results showed that the mRNA expression levels of IxBa
and IL-17B, C, D, E, and F were significantly higher than those in the WT-IR group. Western blot verification results showed that
ALHD2 knockdown resulted in increased phosphorylation of IxBa, increased phosphorylation of NF-«B, and increased expression
of IL-17C. When we used ALDH2 agonists, the number of lesions and the expression levels of the corresponding proteins were
reduced. Knockdown of ALDH2 in HK-2 cells resulted in a higher proportion of apoptotic cells after hypoxia and reoxygenation,
but inhibiting the phosphorylation of NF-«xB prevented the increase in apoptosis and reduced the protein expression level of
IL-17C. Conclusion. ALDH2 deficiency can lead to the aggravation of kidney ischemia-reperfusion injury. RNA-seq analysis
and validation by PCR and western blotting revealed that this effect may be due to the promotion of IxBa/NF-«xB p65
phosphorylation during ischemia-reperfusion caused by ALDH2 deficiency, which then leads to an increase in inflammatory
factors, including IL-17C. Thus, cell death is promoted, and kidney IRI is eventually aggravated. We link ALDH2 deficiency
with inflammation, revealing a new idea for ALDH2-related research.
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1. Introduction

Kidney transplantation is the only treatment for end-stage
kidney disease [1]. However, during kidney transplantation,
the kidney undergoes thermal ischemia, cold ischemia, and
ischemia-reperfusion, which inevitably leads to ischemia—
reperfusion injury (IRI) [2, 3], resulting in delayed graft
function (DGF) and reducing the long-term graft survival
rate [3]. Energy depletion during ischemic lysosomal mem-
brane rupture inhibits the cytoplasmic activity of Na*/K*
ATPase and calcium overload [4, 5], and reperfusion further
induces reactive oxygen species (ROS) generation and the
activation of intracellular calcium-dependent proteolytic
enzymes [6], resulting in further damage, activation of cell
death, and aseptic inflammation [7].

Aldehyde dehydrogenase 2 (ALDH2) is an acetaldehyde
dehydrogenase and is made up of 517 amino acids and 4
subunits of an autotetraploid stable protein structure [8]. A
large number of important organs, such as the brain, heart,
liver, kidneys, and other tissues, express ALDH2 in the mito-
chondria [9]. The ALDH2 variant ALDH2*504Lys exists
only in the East Asian population, with a frequency as high
as 40% in some collected samples [10]. The enzymatic activ-
ity of this variant is far lower than the normal level, and
these individuals have a higher risk of cancer, Alzheimer’s
disease, and other diseases than normal individuals [11].
Further research is needed to understand the mechanism
of ALDH2 deficiency in IRIL. Studies have shown that
ALDH?2 overexpression can reduce the synthesis of toxic
aldehydes during IR, thus protecting mitochondrial function
during IR and alleviating IRI [12]. It has been proved that
Alda-1, an agonist of ALDH2, can be used to alleviate ische-
mia-reperfusion injury of the brain, heart, liver, and other
organs in animals.

Previous studies in our laboratory showed that the
expression of ALDH2 was increased in rabbit kidneys during
mechanical perfusion at hypothermic temperature, which
alleviated apoptosis after IR by affecting the AMPK pathway
and that ALDH2 played a positive role in autophagy through
the Akt-mTOR pathway [13-15]. Thus, we established
ALDH2-knockout (ALDH2”") mice to investigate the role
of ALDH?2 in kidney protection.

Nuclear factor kB (NF-xB) is a transcription factor found
in all mammals. Together with AKT, mTOR, and other
molecules, it regulates several metabolic processes, including
inflammation, apoptosis, cell survival, and autophagy
[16-18]. NF-«B plays a crucial role in IR-induced acute kid-
ney injury (AKI) and mediates inflammatory responses
[19-21]. During IR, IxBa, an upstream inhibitor of NF-«B,
is phosphorylated and degraded, resulting in the activation
of the p65 and p50 subunits of NF-xB, which are transferred
from the cytoplasm to the nucleus [22]. The activation of
relevant inflammatory factor transcription, the induction of
aseptic inflammation after ischemia-reperfusion (IR), and
how to inhibit the activation of NF-«B safely and effectively
are current research directions in IR. In this study, we found
changes in the mRNA expression of many molecules in the
NEF-«B pathway in an IRT model after ALDH2"". Therefore,
the lack of ALDH2 in IR may cause the upregulation of the
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NF-«B pathway, and the specific mechanism needs to be fur-
ther studied.

To better understand how ALDH?2 alleviates kidney
injury in kidney ischemia-reperfusion injury, we con-
structed ALDH2 knockout (ALDH2") mice using a model
of severe bilateral ischemia-reperfusion (IR) injury [23].
This method aggravated the damage while ensuring the
short-term survival of the mice. We found that ALDH2"
mice had significantly higher degrees of AKI, inflammation,
and general tissue damage. ALDH2 deficiency increases the
expression of IkBa and stimulates the phosphorylation of
IxkBa/p65, which, in turn, causes an increase in IL-17. Inhibi-
tion of IkBa/p65 phosphorylation and IL-17C expression
plays key roles in ALDH2-mediated protection for renal IRI.

2. Materials and Methods

2.1. Animals. Male 8-week-old C57BL/6 mice were obtained
from Beijing Weitonglihua Experimental Animal Technol-
ogy Co., Ltd. ALDH2 knockout male mouse (ALDH27")
was provided by Wuhan Xian Ran Biological Co., Ltd. Mice
were reared in the Animal Experimental Center at Zhong-
nan Hospital of Wuhan University for 12 hours in light/dark
mode, with plenty of food and water.

2.2. Renal IRI Model. The mice were fasted for 12 hours
before operation and could not restrain water. The mice
were anesthetized with 50mg/kg pentobarbital sodium
injected intraperitoneally. The body temperature was main-
tained at 37°C and monitored intraoperatively using a tem-
perature controller with a heating pad (JR-1/2, Taimeng,
Chengdu, China). Then, through a midline abdominal inci-
sion, a nontraumatic vascular clamp (Roboz, USA) was used
to clamp the bilateral renal pedicles for 45 minutes to induce
ischemia, which was opened to confirm renal reperfusion
and the abdomen was closed. After the operation, the mice
were fed with a normal diet, and each mouse was supple-
mented with an appropriate amount of sterile normal saline
and a small amount of meloxicam for analgesia. 24 h after
reperfusion, the mice were sacrificed for excessive pentobar-
bital sodium and cervical dislocation, and renal and blood
samples were collected for further analysis.

2.3. Biochemical Analysis. The collected blood samples were
centrifuged at 3500 rpm for 10 min, and the serum levels of
Cr and BUN were measured by automatic analyzer of clini-
cal samples in Zhongnan Hospital of Wuhan University.

2.4. H&E Staining. H&E was performed on all renal samples
after sectionalization, paraformaldehyde fixing for 24 hours,
dehydration by ethanol, and embedding in paraffin. The
pathological morphological changes of renal tissues were
observed under a light microscope, and Paller scores [24]
were performed by renal pathologists who were unaware of
the experiment under a 400x light microscope. Ten high-
magnification visual fields were randomly selected, and 10
renal tubules were selected for each visual field for evalua-
tion. The criteria were as follows: 1 point for morphological
change of renal tubular epithelial cells, 1 point for damage of
brush edge, 2 points for shedding brush edge, 2 points for
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appearance of tubular type, 1 point for shedding necrotic
cells in the lumen, and 1 point for obvious deformation
and broadening of tubular diameter. The higher the score
is, the more severe the renal tubular injury is.

2.5. TdT-Mediated dUTP Nick-End Labeling. Follow the
manufacturer’s instructions when staining fresh frozen tis-
sue sections. TUNEL staining was performed using in One-
Step TUNEL Apoptosis Assay Kit (Beyotime, China). And
the nucleus staining was used 2-(4-amidinophenyl)-6-indo-
lecarbamidine dihydrochloride (DAPI) (Beyotime, China).
TUNEL-positive cells in kidney tissue were counted and
analyzed in random field of vision of the renal cortex
(%200 magnification).

2.6. RNA Sequencing. Total mRNA was extracted from renal
tissues of WT-IR and KO-IR groups (n = 3) using TRIzol.
The RNA quality was verified using a 2100 Bioanalyzer and
ND-2000, and the samples were sequenced by Illumina
HiSEQ 4000 of Shanghai Magi Biomedical Technology Co.,
Ltd. All differentially expressed genes were used for heat maps
analysis and KEGG enrichment analysis. For KEGG enrich-
ment analysis, P < 0.05 was considered statistically significant.

2.7. TEM Assay. The renal tissue fixed with 2.5% glutaralde-
hyde was made into nanoscale sections and observed under
an electron microscope. Single-cell morphology was observed
at 1500x, and the nucleus and mitochondria were observed at
6000x [25].

2.8. Western Blot Analysis. Complete lysates were extracted
from the renal for western blotting. A phosphatase inhibitor
was also added to the lysate. The membrane was incubated
with the corresponding primary antibody (1:800) at 4°C
for 12h. Primary antibodies used in these experiments were
as follows: IxBa, phospho-IxBa, NF-xB p65, phospho-NF-«B
p65, IL-17C, and B-actin (ABclonal, China). The proteins
were incubated and imprinted with enhanced chemilumines-
cence (ECL) reagent (Biosharp, China), and the protein
expression was quantified by optical density analysis using
Image] software. All bands were tested for B-actin (1:3000,
ABclonal, China) content as a standard control for sample
loading.

2.9. RT-qPCR. TRIzol (Yisheng, China) was used to isolate
total RNA from mouse renal samples and HK-2 cells.
According to the kit instructions, the excess DNA was
removed and reverse transcribed into cDNA. The expression
of target gene was detected by SYBR Green quantitative real-
time polymerase chain reaction. With GAPDH as internal
reference, the changes of RNA level were calculated by
2744 method and analyzed by the Student T-test. The
primers used are presented in Table SI.

2.10. Analysis of ALDH Enzyme Activity. According to the
manufacturer’s instructions, ALDH2 activity was detected
using an ALDH assay kit (Solarbio, China). ALDH was
extracted from renal tissue using the kit, and then, the
activity of ALDH was assessed by measuring NAD+ produc-

tion at 340nm using an experimental microplate reader
(Thermo, Beijing, China).

2.11. Cell Culture. HK-2 cells purchased from the Biological
Sample Bank of Wuhan University were cultured at 37°C in
humidified air (5% CO,) using F12/MEM (Servicebio, China)
medium containing 10% fetal bovine serum (Gibco, South
America) and 1% penicillin-streptomycin (10, 000 U/mL,
Servicebio, China). The medium was changed daily. Each time
about 80% cell density is passed.

2.12. Construction of Stable Cell Lines. The virus loaded with
interfering plasmids was purchased from Shanghai Gene-
chem Co., Ltd. The virus was added into HK-2 cell culture
medium for 16 h and replaced with normal culture medium.
After 72h, the HK-2 cells were added into puromycin cul-
ture medium for 2 weeks. The siRNA sense strand sequences
were as follows: ALDH2: 5'-GCAGGCATACACTGAAGTG
AA-3" and 5'-TTCACTTCAGTGTATGCCTGC-3'. Finally,
we obtained stable cell lines with low expression of ALDH?2.

2.13. Oxygen and Glucose Deprivation and Reoxygenation.
Cells were cultured in a three-gas incubator (1% O,) for
24h with DMEM (Servicebio, China) free of glucose and
then in normoxic complete F12/MEM medium for 6h.

2.14. Statistical Analysis. SPSS24.0 software was used for sta-
tistical analysis, and GraphPad Prism 8.0.1 was used for
plotting. The measurement data in accordance with normal
distribution were expressed by x + s, one-way ANOVA was
used between multiple groups, and independent sample
T-test was used between pairs. P <0.05 was considered
statistically significant.

3. Results

3.1. ALDH2 Deficiency Exacerbates Kidney IRI. To explore
the role of ALDH2 in mouse kidneys, ALDH2 knockout
mice were constructed, and the expression of ALDH2 was
verified (Figure 1(a)). A bilateral kidney IRI model
(Figure 1(b)) was established in mice, and we collected kid-
ney tissue and blood samples for further testing. Creatinine
(SCr) levels in ALDH2"" mice were significantly higher than
those in the WT group (Figure 1(c)). The kidneys of
ALDH2”" mice showed more severe damage than those of
WT mice (Figures 1(d) and 1(e)). Consistent with these data,
ALDH2"" mice had more TUNEL-positive cells in their kid-
neys after ischemia-reperfusion than WT mice (Figures 1(f)
and 1(g)). The TEM results showed that the effects on
ALDH2”" ischemic kidneys, with mitochondrial swelling
and even rupture, disappearance of mitochondrial structure,
and nuclear pyknosis, were more serious than those on WT
kidneys (Figure 1(h)). These results suggest that ALDH2
knockout exacerbates IR-induced kidney injury.

3.2. The RNA-seq Results Showed That the NF-«xB and IL-17
Pathways Were Enriched during IR after ALDH2 KO. To
examine ALDH2-dependent global changes in gene expres-
sion in ALDH2"" and WT mice, we performed RNA-Seq.
Compared with WT mice after IRI, 140 genes were
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FiGURE 1: ALDH2 deficiency exacerbates renal ischemia—reperfusion injury. WT mice and ALDH2”" mice were subjected to either sham
operation or kidney ischemia for 45 minutes and reperfusion for 24 hours. (a) Kidney lysates from WT mice and ALDH2”" mice were
subjected to western blot analysis for ALDH2. n=3/group. (b) An illustration of the injury model used in this study. (c) Serum
creatinine (SCr) were measured after 24 h of reperfusion. n = 6/group. (d) H&E staining showed renal tubule epithelial cell injury and
red blood cell deposition. Scale bar: 200 ym, 50 ym. (e) Paller score was performed using a semiquantitative damage assessment of renal
tubular epithelial cells for each sample. n = 6/group. (f) Representative images of TUNEL staining (green) and DAPI (blue). Scale bar:
100 yum. (g) The percentage of TUNEL staining-positive cells in the total cells in the random field. n = 3/group. (h) Morphology of renal
tubular epithelial cell was observed under TEM. n = 3/group. Scale bar: 20 um, 10 ym. Data are presented as the mean + SD. *P < 0.05,

**P <0.01, and ***P < 0.001 by ¢-test.

upregulated and 11 genes were downregulated in ALDH2™"
mice (P value < 0.05 and abs [log fold change (logFC)] > 1.5)
(Figure 2(a)). In Figure 2(b), differential mRNA expression is
displayed as a hierarchical clustering map. Upregulation of
various genes of interest, including HSP90, Gldc, S100a9,
IxBa, and JUN, was confirmed by real-time gPCR (RT-qPCR)
(Figure 2(c)). Comparing ALDH2”" mice with WT mice,
KEGG analysis revealed differential expression of genes
involved in inflammatory pathways (Figure 2(d)).

The sequencing results showed high expression of many
inflammatory chemokines and related genes, such as
CXCL1, CXCL2, S100a8, S100a9, and MMP9. ALDH2"
may cause a worsened inflammatory response, which seems
to be consistent with the pathological manifestations in the
KO-IR group. We hypothesized that ALDH2 KO could
affect the NF-«B pathway and even the IL-17C pathway to
aggravate IRI in the kidney. We performed RT-qPCR to

analyze six members of the IL-17 family and found
that the expression levels of IL-17B, IL-17C, IL-17D,
and IL-17F were significantly altered (Figure 3(a)), so these
factors may be associated with ALDH2. Studies have reported
that IL-17A and IL-17C expressed in the kidney can affect the
level of inflammation in the kidney [26]. Therefore, we
focused on exploring the relationship between ALDH2 and
IL-17C.

3.3. ALDH2 Deficiency Leads to the Initiation of
Downstream Inflammatory Pathways by Activating IkBa/
p65 Phosphorylation. Based on PCR results, IkBa mRNA
expression was elevated, but in the reported during kidney
ischemia-reperfusion, IxkBa was phosphorylated to activate
the phosphorylation of NF-xB P65 and was then degraded. A
protein imprinting assay was performed (Figures 3(b)-3(e)),
and high phosphorylation of IxBa and P65 was observed in
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FIGURE 2: RNA-seq results showed that ALDH2 deficiency led to changes in inflammatory molecular pathways. (a) The volcano plots
showed the differential genes between the KO-IR and WT-IR groups. (b) Heat map showing mRNA differences in RNA-seq. (c)
Expression of ALDH2, IxBa, HSP90, Gldc, JUN, and S100a9 mRNA was determined by RT-qPCR. GAPDH was the standard. n=5
/group. Data are presented as the mean + SD. *P <0.05, **P <0.01, and ***P < 0.001 by t-test. (d) KEGG enrichment analysis revealed
the signal pathway of the concentrated expression of differential genes in the KO-IR and WT-IR groups.

the KO group regardless of IR status, and IL-17C was also  expression levels of these proteins change in the IR model of
highly expressed in the KO group. After IR, the phosphoryla- ~ WT mice. Here, we imprinted the proteins of the N and IR
tion levels of IxBa and p65 further increased, and the expres-  groups of WT mice separately and found that the phosphory-
sion level of IL-17C increased. Due to the high expression of  lation levels of IxBa, p65, and IL-17C increased in WT mice
proteins in the KO group, it is difficult to observe how the after IRI (Figures 4(d)-4(g)), as reported in the literature [27].
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FIGURE 3: ALDH2 deficiency resulted in increased phosphorylation of IxkBa/NF-«B P65 and il-17C expression. (a) The expression of IL-17
family mRNA in the kidney was determined by real-time PCR. GAPDH was the standard. n = 5/group. (b) The western blot band of p-IxBa,
IxBa, p-p65, p65, and IL-17C in kidney lysates. 5-Actin was the standard. n = 3/group. (c)-(e) Western blot analysis for p-IxBa, IxBa, p-p65,
p65, and IL-17C protein in kidney samples from each group. n = 3/group. Data are presented as the mean + SD. n.s.: not significant.
*P<0.05, **P<0.01, and ***P <0.001 by ¢-test.

3.4. Activation of ALDH2 Alleviates Kidney IRI in WT Mice.  activity only changed in animals and humans, while the
Our previous results showed that when ALDH2 is knocked  protein expression level did not change. KO could not
out, kidney resistance to IRI is reduced, and the inflamma-  completely simulate the ALDH2 expression phenotypes
tory response after IRI may be promoted through the phos-  under normal conditions. We used drugs targeting ALDH2
phorylation of p65 or high expression of IL-17C. However,  to illustrate the importance of ALDH2. We pretreated WT
in the preliminary experiments, we found that ALDH2  mice with agonists and inhibitors of ALDH2 (Figure 5(d));
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FIGURE 4: Activation of ALDH2 reduced inflammation and inhibited the phosphorylation of IxBa/NF-«B p65 in I/R. (a)-(c) The expression
of IL-103, MCP-1, and TNF-a mRNA in the kidney was determined by real-time PCR. GAPDH was the standard. n = 3/group. (d) The
western blot band of p-IxBa, IxBa, p-p65, p65, and IL-17C in kidney lysates. 3-Actin was the standard. n = 3/group. (e)-(g) The western
blot analysis of p-IxBa, IxBa, p-p65, p65, and IL-17C protein in kidney samples from each group. n = 3/group. Data are presented as the

mean + SD. *P <0.05, **P <0.01, and ***P < 0.001 by t-test.

the activity of ALDH2 was increased to approximately 1.5 times
its original value with Alda-1 treatment, while it was decreased
to 1/4 of its original value with CYA treatment (Figure S1D).
There were no significant changes in kidney function or the
pathological scores of the mice (Figure S1A-C). The results
showed that the expression of ALDH2 in mouse kidney did
not change significantly during IR, and the degree of kidney
injury was related to the activity of ALDH2 (Figures 5(a)-
5(c)). The creatinine level (Figure 5(e)), pathological degree
of kidney tissue injury (Figures 5(f) and 5(g)), and apoptosis
level (Figures 5(h) and 5(i)) in the Alda-1+IR group were

lower than those in the NC+IR group. In contrast, ALDH2
inhibition worsened injury. The TEM results showed that
compared to those in the NC+IR group, the mitochondria in
the Alda-1+IR group showed significant improvements in
condition (Figure 5(j)). Additionally, in kidney tubular
epithelial cells, there were more mitochondria in the Alda-1
+NC group than in the Alda-1+IR group; these
mitochondria were similar to normal mitochondria and
slightly enlarged, but the main mitochondrial structure was
not damaged. In the corresponding CYA+IR group, the
degree of mitochondrial damage was similar to that in the
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***P <0.001 by t-test.

KO-IR group, with swelling and rupture, and the
mitochondrial structure basically disappeared. It has been
shown that ALDH2 can affect the morphology of
mitochondria in IRI and strengthen mitochondrial tolerance
to IR in kidney tubular epithelial cells. Finally, PCR was used
to examine the increased activity of the inflammatory
cytokines IL-10f3, TNF-a, and MCP-1 (Figures 4(a)-4(c))
and that of ALDH2 in kidney tissues and to examine the
reduced mRNA expression levels of these inflammatory
cytokines.

3.5. ALDH2 Is Upstream of IkBa/NF-xB, and ALDH2
Regulation Affects the Phosphorylation of IxBa/NF-xB. In
previous experiments, we demonstrated that the phosphoryla-
tion of IxBa/NF-«B was significantly increased after ALDH2
KO'". To further explore the relationship between ALDH2
and IxBa/NF-xB, western blot analysis was performed on
NC+IR, CYA+IR, and Alda-1+IR group (Figure 4(d)). We
found that IxBa phosphorylation was regulated by ALDH2.
p-IxBa/IxBa, p-p65/p65, and IL-17C levels were significantly
decreased by ALDH2 activation; their levels were higher in
the NC+IR group than in the CYA+IR group and lower in
the NC+IR group (Figures 4(e)-4(g)). These results suggest
that ALDH2 may be upstream of p-IxkBa/IxBa, p-p65/p65,
and IL-17C, which may further regulate renal IRI by affecting
the expression of these molecules.

3.6. In HK-2 Cells, Exacerbation of IRI Caused by ALDH2
Inhibition Was Abrogated by NF-xB Inhibitors. To verify
our hypothesis, we established stable ALDH2 interference
cell lines using HK-2 cells and verified them by western blot-
ting. We used the p65 inhibitor JSH-23 to inhibit p65 phos-
phorylation but did not affect the expression of normal p65
(Figure 6(d)). At the same time, we determined the expres-

sion and activity of ALDH2 in each group (Figures 6(a)-
6(c)). Pretreatment with JSH-23 for 3 hours, hypoxia for
24 hours, and reoxygenation for 6 hours were used on the
sh group. Based on flow cytometry, sh-N cells were more
likely to undergo apoptosis after H/R than normal HK-2
cells. However, when JSH-23 pretreatment was performed
on sh-HK2 cells, the apoptosis level returned to a level sim-
ilar to that in the HK2+H/R group, suggesting that inhibit-
ing P65 phosphorylation could alleviate the adverse effects
of ALDH2 inhibition (Figures 6(e) and 6(f)). To verify this
hypothesis, we performed immunoblotting analysis of the
cells and found that the expression of p-IxBa/IxBa was still
higher than normal in the JSH-23-si-H/R group, but the
expression of p-p65 and IL-17C was decreased. These results
suggest that ALDH2 can affect IL-17C expression by regulat-
ing the phosphorylation of IxkBa/NF-«B (Figures 6(g)-6(j)).

4. Discussion

In the past few decades, research on renal ischemia-reperfu-
sion has included apoptosis, necrosis, autophagy, pyroptosis,
ferroptosis, inflammation, and other aspects [28-31]. Multi-
ple death modes jointly lead to injury to renal tissue. ALDH2
can reduce the extent of renal IRI, but the underlying mech-
anism remains unclear. Our results suggest that ALDH2
reduces inflammation by inhibiting the IxBa/NF-xB path-
way during renal IRI.

In our previous study, we demonstrated that activation
of ALDH?2 alleviated renal edema and IRI in a cryogenic
mechanical perfusion model in New Zealand rabbits; how-
ever, the underlying mechanism has not been well explored.
Therefore, in this study, we further confirmed the important
role of ALDH2 in renal IRI and further explored the possible
molecular mechanism of ALDH2 in IRI.
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ALDH2 is a member of the aldehyde dehydrogenase
family; its family member ALDHI has attracted attention
for its role in the treatment of carcinogenesis and cancer,
while ALDH2 has been studied for its promotion of alcohol
metabolism and protection against alcoholism. However, in
recent years, the role of ALDH2 in the pathogenesis and
treatment of some diseases has attracted attention. The main
function of ALDH2 is to remove endogenous aldehydes
accumulated by lipid peroxidation in the process of oxida-
tive stress; these aldehyde include 4-hydroxy-2-nonaldehyde
(4-HNE) and malondialdehyde [32]; many diseases exhibit
resistance to oxidative stress by mechanisms such as the
consumption of 4-HNE. Early studies mostly suggested that
the protective effect of ALDH2 on organ IRI was only based
on the detoxification effect of the enzyme, which could affect
autophagy, apoptosis, and other death modes to protect
cells. However, recent studies have shown that ALDH2
interacts with other molecules that regulate cell biological
activities in various models to produce a series of protective
effects. Xu et al’s study showed that activation of ALDH2

can promote Beclin-1 expression and destroy the interaction
between Beclin-1 and Bcl-2, promoting autophagy [12]. Our
team’s early experiments also found that activation of
ALDH2 can activate autophagy in the renal IRI process [13].
To explore the effect of ALDH2 deficiency on IRI,
genome-wide transcript data from ALDH2” and WT
mouse renal cortex samples were assessed. According to
RNA-Seq results, ALDH2 knockout leads to upregulation
of some genes in the NF-«B and IL-17C pathways during
renal ischemia-reperfusion. Based on our results, ALDH2
deletion can promote the phosphorylation of IxBa/NF-xB
p65 and the expression of IL-17C. These findings suggest
potential new associations for ALDH2 and NF-«xB pathway-
mediated inflammatory responses in renal IRI models.
NF-«B is a member of the transcription factor family,
widely exists in all mammals, and is believed to be involved
in inflammation, apoptosis, autophagy, and other biological
activities. In the process of ischemia-reperfusion, a variety of
stimuli induce the degradation of IxB and release of the
NF-«B p50-p65 dimer to activate NF-«B signal transduction
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FIGURE 7: Molecular representation of ALDH2 after renal ischemia-reperfusion. After IR, renal tubular epithelial cells inhibit the activity of
ALDH?2 through oxidative stress, thereby promoting the phosphorylation of IxBa, leading to the increased phosphorylation of NF-xB and its
entry into the nucleus, leading to the increased expression of various inflammatory factors including IL-17C, and finally leading to cell death.

[33, 34]. Currently, it is believed that after the activation of the
NF-«B signaling pathway, the transcription of inflammatory
factors such as TNF-a and IL-6 increases, leading to the acti-
vation of inflammatory factors and proteasomes, leading to
further tissue damage. You et al. [35] used PYR-41 to inhibit
the stimulation of lipopolysaccharide on macrophages and
inhibit the expression of TNF-«, thus inhibiting the activation
of NF-xB and reducing the expression of intestinal proinflam-
matory cytokines after IRI. Li et al. [36] used MG132 to inhibit
the NF-xB pathway and reduce the extent of liver injury. Some
natural antioxidants can also protect against IRI through their
own antioxidant effects and inhibition of the NF-xB pathway
[37]. Ischemic preconditioning can also reduce the activation
of the NF-«B pathway during the subsequent IR process to
some extent, resulting in a protective effect on organs. In our
study, ALDH2 deficiency led to phosphorylation activation
of IkBa/NF-xB p65 and simultaneously increased renal IRI
in mice. We activated ALDH2 to reduce the phosphorylation
of related molecules and reduce the extent of renal IRI, which
is consistent with current studies on the NF-«xB pathway in IR.
In in vitro experiments, we found that inhibiting the phos-
phorylation of NF-xB can attenuate the damaging effect of
ALDH2 inhibition on H/R models of cells, demonstrating that
the NF-«B pathway is an important pathway by which
ALDH?2 affects biological activities.

Interestingly, we also found that the IL-17 pathway was
significantly altered by ALDH2 KO according to the RNA-
Seq results and that the expression of IL-17C increased with
the decrease in ALDH2 expression or activity.

IL-17A was characterized in 1993, and the interleukin-17
family has gradually expanded from to include six similar
but different families, A, B, C, D, E, and F [38]. The specific
role of IL-17A and IL-17C in IRI has been studied in mouse

models, where early production of IL-23 and IL-12 after
renal IRI activates the downstream IL-17A and IFN-y sig-
naling pathways and promotes renal inflammation [22].
Application of neutralizing monoclonal anti-IL-17A anti-
body resulted in reduced renal IRI, decreased renal and
plasma concentrations of pro-inflammatory mediators, and
increased renal and plasma levels of anti-inflammatory
cytokines. Yang et al. [39] also found that IL-17A promotes
neutrophil infiltration and mitochondria-driven apoptosis in
fatty liver. Hepatic ischemia-reperfusion injury aggravates
fatty liver. However, in the study of Thorenz et al. [40],
IL-17A did not play a decisive role in severe renal ischemia—
reperfusion injury, and the use of neutralizing monoclonal
antibody could not effectively reduce the inflammation and
later renal fibrosis caused by renal IRI. In another experiment,
Wang et al. [22] found that IL-17C may be involved in the
inflammatory response of acute kidney injury. Inhibition of
IL-17C or blocking of IL-17RE can alleviate renal IRI, but the
specific mechanism remains unclear. We demonstrate here
that ALDH2 can reduce IL-17C expression by reducing the
phosphorylation of IxBa/NF-xB p65, but the role of IL-17 fam-
ily members in ischemia-reperfusion remains to be explored.

In summary, we demonstrated that ALDH2 can protect
against IRI by reducing the phosphorylation of IxBa, reducing
the phosphorylation of p65, activating nucleation, and reduc-
ing the expression of downstream inflammatory factors.

5. Conclusions

In conclusion, this study found that in the process of renal
ischemia-reperfusion injury, due to oxidative stress and other
stimuli, ALDH2 deficiency can lead to the increase of mRNA
and protein expression of IxkBa, stimulate phosphorylation of
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IxBa, make NF-xB phosphorylation into the nucleus, and fur-
ther increase the expression of IL-17C and other inflammatory
factors, leading to apoptosis (Figure 7). It aggravated the ische-
mia-reperfusion injury. Our inhibition of NF-«B phosphory-
lation terminated the effects of ALDH2 deficiency. This may
provide new ideas for the treatment of ALDH2-deficient
transplant patients in the future.

Data Availability

Data for the current study are available from the appropriate
authors upon reasonable request.

Ethical Approval

Our in vivo experiments involved animal ethics. After
obtaining the ethics approval for formal review of experi-
mental animal welfare and ethics from Zhongnan Hospital
of Wuhan University, we carried out the experiments in
the Animal Experiment Center of Central South Hospital
of Wuhan University (Approval No. ZN2022098).

Conflicts of Interest

All authors declare that there is no conflict of interest.

Acknowledgments

We are grateful to all the members of the Institute of Hepa-
tobiliary Diseases of Wuhan University for their guidance
and help in this project and for the support of the National
Natural Science Foundation of China. We received funding
from the National Natural Science Foundation of China
for our study (81700657).

Supplementary Materials

Table S1: primers used for RT-PCR. Figure S1: ALDH2 acti-
vation or inhibition does not affect normal kidney morphol-
ogy and function. WT mice were treated with drugs only.
(A) H&E staining showed renal tubule epithelial cell injury
and red blood cell deposition. Scale bar: 200 ym, 50 ym.
n=3/group. (B) Paller score was performed using a semi-
quantitative damage assessment of renal tubular epithelial cells
for each sample. n = 3/group. (c) Serum creatinine (SCr) were
measured after the medication is processed. # = 3/group.
(d) Kidney lysates from WT mice after medical precondi-
tioning were subjected to enzyme assay for ALDH2. n = 3.
(Supplementary Materials)

References

[1] M. Abecassis, S. T. Bartlett, A. J. Collins et al., “Kidney trans-
plantation as primary therapy for end-stage renal disease: a
National Kidney Foundation/Kidney Disease Outcomes Qual-
ity Initiative (NKF/KDOQITM) conference,” Clinical Journal
of the American Society of Nephrology, vol. 3, no. 2, pp. 471-
480, 2008.

15

[2] A. Pefanis, F. L. Ierino, J. M. Murphy, and P. J. Cowan, “Reg-
ulated necrosis in kidney ischemia-reperfusion injury,” Kidney
International, vol. 96, no. 2, pp. 291-301, 2019.

S.J. Tingle, R. S. Figueiredo, J. A. Moir et al., “Machine perfu-
sion preservation versus static cold storage for deceased donor
kidney transplantation,” Cochrane Database of Systematic
Reviews, vol. 3, no. 3, article D11671, 2019.

[4] J. N. Simon, B. Vrellaku, S. Monterisi et al., “Oxidation of
protein kinase a regulatory subunit PKARIa protects against
myocardial ischemia-reperfusion injury by inhibiting lysosomal-
triggered calcium release,” Circulation, vol. 143, no. 5, pp. 449-
465, 2021.

[5] D. S. Alves, G. Thulin, J. Loffing, M. Kashgarian, and M. J.
Caplan, “Akt substrate of 160 kD regulates Na+,K+-ATPase
trafficking in response to energy depletion and renal ische-
mia,” Journal of the American Society of Nephrology, vol. 26,
no. 11, pp. 2765-2776, 2015.

S. Liang, X. Tian, and C. Wang, “Nanozymes in the treatment
of diseases caused by excessive reactive oxygen species,” Jour-
nal of Inflammation Research, vol. Volume 15, pp. 6307-
6328, 2022.

[7] M. Wallert, M. Ziegler, X. Wang et al., “@a-Tocopherol pre-
serves cardiac function by reducing oxidative stress and
inflammation in ischemia/reperfusion injury,” Redox Biology,
vol. 26, p. 101292, 2019.

[8] E.A. Adeniji, F. A. Olotu, and M. Soliman, “Alcohol metabolic
inefficiency: structural characterization of polymorphism-
induced ALDH2 dysfunctionality and allosteric site identifica-
tion for design of potential wildtype reactivators,” Protein
Journal, vol. 37, no. 3, pp. 216-222, 2018.

L. Fagerberg, B. M. Hallstrom, P. Oksvold et al., “Analysis of
the Human Tissue-specific Expression by Genome-wide Inte-
gration of Transcriptomics and Antibody-based Proteomics,”
Molecular & Cellular Proteomics, vol. 13, no. 2, pp. 397-406,
2014.

[10] W.Wang, C. Wang, H. Xu, and Y. Gao, “Aldehyde dehydroge-
nase, liver disease and cancer,” International Journal of Biolog-
ical Sciences, vol. 16, no. 6, pp. 921-934, 2020.

[11] C.H. Chen, J. C. Ferreira, E. R. Gross, and D. Mochly-Rosen,
“Targeting aldehyde dehydrogenase 2: new therapeutic oppor-
tunities,” Physiological Reviews, vol. 94, no. 1, pp. 1-34, 2014.

[12] T. Xu, J. Guo, M. Wei et al,, “Aldehyde dehydrogenase 2 pro-
tects against acute kidney injury by regulating autophagy via
Beclin-1 pathway,” JCI Insight, vol. 6, no. 15, 2021.

[13] D.Lin, T. Xiang, Q. Qiu et al., “Aldehyde dehydrogenase 2 reg-
ulates autophagy via the Akt-mTOR pathway to mitigate renal
ischemia-reperfusion injury in hypothermic machine perfu-
sion,” Life Sciences, vol. 253, p. 117705, 2020.

[14] Z.Zhong,S. Ye, Y. Xiong et al., “Decreased expression of mito-
chondrial aldehyde dehydrogenase-2 induces liver injury via
activation of the mitogen-activated protein kinase pathway,”
Transplant International, vol. 29, no. 1, pp. 98-107, 2016.

[15] Z. Liu, S. Ye, X. Zhong et al., “Pretreatment with the ALDH2
activator Alda-1 protects rat livers from ischemia/reperfusion
injury by inducing autophagy,” Molecular Medicine Reports,
vol. 22, no. 3, pp. 2373-2385, 2020.

[16] D.D.Ilchovska and D. M. Barrow, “An overview of the NF-kB
mechanism of pathophysiology in rheumatoid arthritis, inves-
tigation of the NF-kB ligand RANKL and related nutritional
interventions,” Autoimmunity Reviews, vol. 20, no. 2, article
102741, 2021.

W
e

=
2

o
X0


https://downloads.hindawi.com/journals/omcl/2023/2264030.f1.docx

16

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

Y. Li, J. Xia, N. Jiang et al., “Corin protects H,0,-induced apo-
ptosis through PI3K/AKT and NF-«B pathway in cardiomyo-
cytes,” Biomedicine & Pharmacotherapy, vol. 97, pp. 594-599,
2018.

T. Lawrence, “The nuclear factor NF-kappaB pathway in
inflammation,” Cold Spring Harbor Perspectives in Biology,
vol. 1, no. 6, article a001651, 2009.

L. Marko, E. Vigolo, C. Hinze et al., “Tubular epithelial NF-«B
activity regulates ischemic AKL,” Journal of the American Soci-
ety of Nephrology, vol. 27, no. 9, pp. 2658-2669, 2016.

S. C. Sun, “The noncanonical NF-«B pathway,” Immunological
Reviews, vol. 246, no. 1, pp. 125-140, 2012.

Y. Haga, T. Ohtsubo, N. Murakami et al., “Disruption of xan-
thine oxidoreductase gene attenuates renal ischemia reperfu-
sion injury in mice,” Life Sciences, vol. 182, pp. 73-79, 2017.
F. Wang, J. Yin, Y. Lin et al., “IL-17C has a pathogenic role in
kidney ischemia/reperfusion injury,” Kidney International,
vol. 97, no. 6, pp. 1219-1229, 2020.

Y. Kirita, H. Wu, K. Uchimura, P. C. Wilson, and B. D. Hum-
phreys, “Cell profiling of mouse acute kidney injury reveals
conserved cellular responses to injury,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 117, no. 27, pp. 15874-15883, 2020.

Q. Hu, J. Lan, W. Liang et al., “MMP7 damages the integrity of
the renal tubule epithelium by activating MMP2/9 during
ischemia-reperfusion injury,” Journal of Molecular Histology,
vol. 51, no. 6, pp. 685-700, 2020.

W. Zhou, Z. Zhong, D. Lin et al., “Hypothermic oxygenated
perfusion inhibits HECTD3-mediated TRAF3 polyubiquitina-
tion to alleviate DCD liver ischemia-reperfusion injury,” Cell
Death & Disease, vol. 12, no. 2, p. 211, 2021.

J. Zhang, Q. Li, Y. R. Zou et al., “HMGB1-TLR4-IL-23-IL-17A
axis accelerates renal ischemia-reperfusion injury via the
recruitment and migration of neutrophils,” International
Immunopharmacology, vol. 94, p. 107433, 2021.

D. J. Parekh, J. M. Weinberg, B. Ercole et al., “Tolerance of the
human kidney to isolated controlled ischemia,” Journal of the
American Society of Nephrology, vol. 24, no. 3, pp. 506-517,
2013.

C. Chen, R. Qiu, J. Yang et al., “Lipoxin A4 restores septic renal
function via blocking crosstalk between inflammation and pre-
mature senescence,” Frontiers in Immunology, vol. 12,
p- 637753, 2021.

C. Chen, W. Yao, S. Wu et al., “Crosstalk between connexin32
and mitochondrial apoptotic signaling pathway plays a pivotal
role in renal ischemia reperfusion-induced acute kidney
injury,” Antioxidants ¢ Redox Signaling, vol. 30, no. 12,
pp. 1521-1538, 2019.

D. Yuan, X. Li, C. Luo et al., “Inhibition of gap junction com-
posed of Cx43 prevents against acute kidney injury following
liver transplantation,” Cell Death & Disease, vol. 10, no. 10,
pp. 767-767, 2019.

W. K. Zhao, Y. Zhou, T. T. Xu, and Q. Wu, “Ferroptosis:
opportunities and challenges in myocardial ischemia-
reperfusion injury,” Oxidative Medicine and Cellular Longev-
ity, vol. 2021, Article ID 9929687, 12 pages, 2021.

A. A. Klyosov, L. G. Rashkovetsky, M. K. Tahir, and W. M.
Keung, “Possible role of liver cytosolic and mitochondrial
aldehyde dehydrogenases in acetaldehyde metabolism,” Bio-
chemistry, vol. 35, no. 14, pp. 4445-4456, 1996.

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

Oxidative Medicine and Cellular Longevity

W. Liang, C. Lin, L. Yuan et al., “Preactivation of Notchl in
remote ischemic preconditioning reduces cerebral ischemia-
reperfusion injury through crosstalk with the NF-«B path-
way,” Journal of Neuroinflammation, vol. 16, no. 1, p. 181,
2019.

N. G. Frangogiannis, “Chemokines in ischemia and reperfu-
sion,” Thrombosis and Haemostasis, vol. 97, no. 5, pp. 738—
747, 2007.

X. You, D. D. Xu, D. Zhang, J. Chen, and F. G. Gao, “PYR-41
and thalidomide impair dendritic cell cross-presentation by
inhibiting Myddosome formation and attenuating the endoso-
mal recruitments of p97 and Sec61 via NF-kappaB inactiva-
tion,” Journal of Immunology Research, vol. 2018, Article ID
5070573, 14 pages, 2018.

M. Li, X. Zhong, and W. T. Xu, “Substance P promotes the
progression of bronchial asthma through activating the
PI3K/AKT/NF-xB pathway mediated cellular inflammation
and pyroptotic cell death in bronchial epithelial cells,” Cell
Cycle, vol. 21, no. 20, pp. 2179-2191, 2022.

F. Zhang, M. Wang, Y. Zha, J. Zhou, J. Han, and S. Zhang,
“Daucosterol alleviates alcohol-induced hepatic injury and
inflammation through P38/NF-xB/NLRP3 inflammasome
pathway,” Nutrients, vol. 15, no. 1, p. 223, 2023.

M. J. Mcgeachy, D. J. Cua, and S. L. Gaffen, “The IL-17 family
of cytokines in health and disease,” Immunity, vol. 50, no. 4,
pp. 892-906, 2019.

X. Yang, C. Li, K. T. Ng et al., “IL-17a exacerbates hepatic
ischemia-reperfusion injury in fatty liver by promoting neu-
trophil infiltration and mitochondria-driven apoptosis,” Jour-
nal of Leukocyte Biology, vol. 108, no. 5, pp. 1603-1613, 2020.

A. Thorenz, K. Derlin, C. Schréder et al., “Enhanced activation
of interleukin-10, heme oxygenase-1, and AKT in C5aR2-
deficient mice is associated with protection from ischemia
reperfusion injury-induced inflammation and fibrosis,” Kid-
ney International, vol. 94, no. 4, pp. 741-755, 2018.



	Aldehyde Dehydrogenase 2 Protects the Kidney from Ischemia–Reperfusion Injury by Suppressing the IκBα/NF-κB/IL-17C Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Renal IRI Model
	2.3. Biochemical Analysis
	2.4. H&E Staining
	2.5. TdT-Mediated dUTP Nick-End Labeling
	2.6. RNA Sequencing
	2.7. TEM Assay
	2.8. Western Blot Analysis
	2.9. RT-qPCR
	2.10. Analysis of ALDH Enzyme Activity
	2.11. Cell Culture
	2.12. Construction of Stable Cell Lines
	2.13. Oxygen and Glucose Deprivation and Reoxygenation
	2.14. Statistical Analysis

	3. Results
	3.1. ALDH2 Deficiency Exacerbates Kidney IRI
	3.2. The RNA-seq Results Showed That the NF-κB and IL-17 Pathways Were Enriched during IR after ALDH2 KO
	3.3. ALDH2 Deficiency Leads to the Initiation of Downstream Inflammatory Pathways by Activating IκBα/p65 Phosphorylation
	3.4. Activation of ALDH2 Alleviates Kidney IRI in WT Mice
	3.5. ALDH2 Is Upstream of IκBα/NF-κB, and ALDH2 Regulation Affects the Phosphorylation of IκBα/NF-κB
	3.6. In HK-2 Cells, Exacerbation of IRI Caused by ALDH2 Inhibition Was Abrogated by NF-κB Inhibitors

	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials



