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Abstract

The prevalence of chronic kidney diseases (CKD) varies by race due to genetic and

environmental factors. The Glu504Lys polymorphism in aldehyde dehydrogenase 2 (ALDH?2),

commonly observed among East Asians, alters the enzyme's function in detoxifying alcohol-derived

aldehydes, impacting kidney function. This study investigated the association between variations in

ALDH2 levels within the kidney and the progression of kidney fibrosis. Our clinical data indicates

that diminished ALDH?2 levels are linked to worse CKD outcomes, with correlations between

ALDH2 expression, estimated glomerular filtration rate, urinary levels of acrolein, an aldehyde

metabolized by ALDH2, and fibrosis severity. In mouse models of unilateral ureteral obstruction and

folic acid nephropathy, reduced ALDH?2 levels and elevated acrolein were observed in kidneys,

especially in ALDH2 Glu504Lys knock-in mice. Mechanistically, acrolein modifies pyruvate kinase

M2, leading to its nuclear translocation and co-activation of HIF-1a, shifting cellular metabolism to

glycolysis, disrupting mitochondrial function, contributing to tubular damage and the progression of

kidney fibrosis. Enhancing ALDH2 expression through adeno-associated virus vectors reduces

acrolein and mitigates fibrosis in both wild-type and Glu504Lys knock-in mice. These findings

underscore the potential therapeutic significance of targeting the dynamic interaction between

ALDH?2 and acrolein in CKD.



Introduction

Chronic kidney disease (CKD) is characterized by progressing kidney fibrosis and a gradual

decline in kidney function. Treating CKD involves addressing the primary cause of kidney injuries

and managing standard processes contributing to ongoing nephron loss. Alterations in lipid

metabolism are crucial in initiating and propagating kidney disease, especially in diabetic kidney

disease (DKD) (1, 2), where disruptions in tubular lipid metabolism result from imbalances in fatty

acid uptake, metabolism, and synthesis. Impaired tubular lipid metabolism subsequently leads to

mitochondrial dysfunction, cellular apoptosis, and the development and progression of kidney

fibrosis (3, 4).

Lipotoxicity may arise due to cytotoxic aldehydes generated during lipid peroxidation triggered

by oxidative stress (5). Hydroxyl radical attacks on fatty acyl chains lead to lipid peroxidation,

producing o,B-unsaturated lipid aldehydes such as 4-hydroxynonenal (4-HNE), 4-hydroxyhexenal,

malondialdehyde (MDA), and acrolein (6, 7). These harmful aldehydes interact with intracellular

macromolecules, including proteins and DNA, potentially leading to gene mutations and cellular

damage (8, 9). Acrolein stands out among aldehydes as exceptionally toxic to cells owing to its high

electrophilicity, which promotes rapid reactions with nucleophilic molecules. This reactivity

facilitates the formation of adducts, disrupting cellular processes. Additionally, acrolein directly

inhibits detoxifying enzymes, such as aldehyde dehydrogenase 2 (ALDH?2), creating a vicious cycle

that exacerbates its levels in diseased states (10, 11). Previous small-scale studies have shown that

CKD patients often have elevated serum acrolein levels (12, 13). Our investigation also revealed that
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administering acrolein scavengers effectively improves metabolic disturbances, kidney function, and

acrolein-protein conjugates (Acr-PC) production in a mouse DKD model (14).

ALDH2, a member of the ALDH superfamily, is present in the mitochondrial matrix and highly

expressed in vital organs like the heart, liver, and kidney (15). As an allosteric tetramer, this enzyme

is crucial in oxidizing endogenous and exogenous aldehydes into their respective acids (16). Several

studies investigated the role of ALDH2 in various kidney injuries, showing its protective function in

acute kidney injury (AKI) through autophagy-related gene activation (17-19). Tang et al. conducted

research to analyze transcriptome data from animal models of kidney disease. Their findings suggest

that lower levels of ALDH?2 are linked to the development of kidney fibrosis (20). Furthermore, the

prevalent ALDH2 Glu504Lys polymorphism (ALDH2*2) in East Asians, which exhibits reduced

catalytic activity, was identified as an independent risk factor for decreased kidney function in

Japanese hypertensive patients (21). These findings suggest that ALDH2 may be involved in

detoxifying and clearing harmful aldehydes in the kidney, though the underlying molecular

mechanisms remain to be elucidated.

This study aims to elucidate the influence of kidney ALDH?2 expression on acrolein levels and

the development of kidney fibrosis. Additionally, we investigate the potential of enhancing kidney

ALDH2 expression to mitigate kidney damage.



Results

Correlation of aldehyde dehydrogenase 2 (ALDH2) expression with kidney fibrosis, urinary

acrolein levels, and kidney outcomes.

To assess the expression of ALDH2 in the kidney, we analyzed RNA-Seq data from

microdissected tubulointerstitial sections of 81 human kidney samples from the Taipei Renal

Transcriptomics and Outcomes Investigation cohort (22). Detailed demographic and clinical traits of

the participants are provided in Supplementary Table 1-2. Using a >10% interstitial fibrosis and

tubular atrophy (IFTA) threshold to define kidney fibrosis, a significant decrease in ALDH2

expression was observed in fibrotic kidneys (Figure 1A). Further analysis revealed a direct correlation

between kidney ALDH2 mRNA levels, estimated glomerular filtration rate (¢GFR), and an inverse

association with the degree of IFTA (Figure 1B). Immunohistochemistry (IHC) staining on kidney

biopsy specimens validated ALDH?2 expression and location. In contrast to the robust and widespread

ALDH2 staining observed in tubular epithelia of individuals with preserved kidney function and low

fibrosis (Figure 1C-D), reduced staining intensity of ALDH2 was noted in kidney samples from

fibrotic kidney tissues (Figure 1E-F).

To explore the influence of kidney ALDH2 expression on aldehyde metabolism, we analyzed

urinary acrolein concentration; our results revealed that individuals in the lowest tertile of kidney

ALDH?2 expression exhibited the highest urinary acrolein concentration (Figure 1G). During a median

3.5-year follow-up, major adverse kidney events (MAKE) occurred in 29 participants. Stratifying

patients into tertiles based on kidney ALDH2 mRNA levels revealed significant differences in
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outcomes among these groups (P <0.001, Figure 1H). Diminished kidney ALDH2 mRNA correlated

with an elevated risk of experience MAKE in Cox proportional regression analysis. This association

remained significant after adjusting for parameters, including histopathological diagnosis, but lost

significance when considering baseline eGFR (Supplementary Table 3). These findings indicate that

reduced kidney ALDH2 is linked to chronic histological injuries, accumulation of acrolein, and an

unfavorable prognosis in patients with CKD.

ALDH?2 reduction and acrolein-protein conjugates (Acr-PC) increase in animal Kkidney fibrotic

models

To substantiate our clinical observation regarding the reduction of ALDH2 and acrolein

accumulation in kidney disease progression, we utilized two different kidney fibrosis models, the

unilateral ureteral obstruction (UUQO) model and folic acid nephropathy (FAN) in wild-type mice. In

the UUO model, ureter ligation induced hydronephrosis, tubular injury, and interstitial fibrosis

(Figure 2A-B). Corresponding with our clinical observation using urinary acrolein as a surrogate

marker, there was a significant rise in Acr-PC observed in UUO kidney tubules (Figure 2B-C).

Western blot analysis of kidney homogenates revealed a substantial, time-dependent reduction in

ALDH2 expression after UUO (Figure 2D). In the FAN model, administration of folic acid induces

AKI progressing to CKD, with an elevation in serum creatinine on day 3, followed by partial recovery

and the progression of interstitial fibrosis and kidney atrophy (Figure 3A-B). Sirius red staining on

day 28 demonstrated significant IFTA characterized by substantial collagen deposition (Figure 3C).



Similar to the UUO model, FA-treated mice exhibited a substantial increase in Acr-PC levels and a

reduction in ALDH2 expression (Figure 3C-E).

ALDH?2 mutant mice exhibit increased vulnerability to kidney fibrosis

To elucidate the causal relationship between diminished ALDH2 expression and the

progression of kidney disease, we employed ALDH2 Glu504Lys-knock-in mice in our animal

experiments. The enzyme activity of both homozygous (ALDH2*2/*2) and heterozygous

(ALDH2*1/*2) genotypes of the mutant ALDH2 was found to be 17%-38% of that in normal

ALDH2 genotypes (23). We confirmed the reduction in protein expression and activity of ALDH?2

diminished in the liver and kidney of Aldh2*1/*2 or Aldh2*2/*2 mice (Supplementary Figure 1A-

D). Remarkably, mice with the Aldh2*2/*2 genotype displayed normal kidney development,

exhibiting no significant differences in kidney histology or function (Supplementary Figure 1E).

The extent of kidney fibrosis in Aldh2 wild-type, Aldh2*1/*2, and Aldh2*2/*2 mice was

assessed in the UUO model. Our results revealed higher interstitial fibrosis and Acr-PC levels in

Aldh2*1/*2 and Aldh2*2/*2 mice compared to Aldh2 wild-type mice following UUO (Figure 4A-

B). Morphological observations of kidney fibrosis were supported by Western blot analysis and qRT-

PCR of kidney tissues (Figure 4C-D). Additionally, Aldh2*1/*2 and Aldh2*2/*2 mice exhibited

elevated levels of kidney damage markers, such as neutrophil gelatinase-associated lipocalin (NGAL)

and kidney injury molecule 1 (KIM), as well as inflammatory cytokines IL-6 and IL-1f, compared to

Aldh2 wild-type mice following UUO (Figure 4E-F).



We also investigated the impact of FA-induced kidney injury in Aldh2*1/*2, Aldh2*2/*2, and

Aldh2 wild-type mice. Our findings demonstrated more severe kidney atrophy in Aldh2*1/*2 and

Aldh2*2/*2 mice 28 days after FAN (Figure 5A). In comparison, serum creatinine (sCr) levels and

body weight changes remained comparable among these groups in the 28 days following the injection

of FA (Supplementary Figure 1F-G). Similar to the UUO model, FA-induced interstitial fibrosis and

upregulation of Acr-PC levels were more prominent in Aldh2*1/*2 and Aldh2*2/*2 mice than in

Aldh2 wild-type mice (Figure 5B-E, Supplementary Figure 1H-I). Similar to the UUO model, FA-

induced kidney damage markers and upregulation of inflammatory cytokines were higher in

Aldh2*1/*2 mice compared to their wild-type littermates (Figure 5F-G).

Acrolein induces pyruvate kinase M2 (PKM?2) Cys358 modification, translocation from cytosol

to cell nucleus, and coactivates HIF-1a signaling.

Given our clinical data and animal experiments suggesting that altered ALDH2 activity and

subsequent acrolein accumulation exacerbate kidney disease, we employed a cell culture model to

uncover the underlying mechanisms. Exposing NRK-52E cells to acrolein resulted in a dose-

dependent increase in Acr-PC and PKM2 Cys358 modification (Figure 6A-B, Supplementary Table

4), reducing PKM2 activity (Figure 6C). Using confocal microscopy, we observed that acrolein-

induced PKM2 Cys358 modification caused PKM2 to translocate from the cytosol to the nucleus, an

observation confirmed by nuclear/cytosol fractionation (Figure 6D-E). Since nuclear PKM?2 has been

reported as a hypoxia-inducible factor 1 alpha (HIF-1a) cofactor in cancer cells (24), we examined

this interaction in tubular cells. Our results confirmed a structural protein-protein interaction between
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PKM?2 and HIF-1a in acrolein-treated NRK-52E cells (Figure 6F). Next, we tested whether acrolein-

induced PKM2 nuclear translocation co-activates HIF-1a signaling in tubular cells. Through ChIP

experiments, we confirmed that nuclear PKM2 binds to the promoter regions of HIF-1o downstream

genes, including pyruvate dehydrogenase kinase 1 (PDK1) and hexokinase 2 (HXK2) (Figure 6G).

We further verified that acrolein dose-dependently increased the expression of HIF-la and its

downstream genes (Figure 6H). We then used primary cultured mouse tubular cells from wild-type

and Aldh2*2/*2 mice to examine the effect of acrolein on HIF-1a signaling. The results showed that,

at a constant dose of acrolein, tubular cells from Aldh2*2/*2 mice were more sensitive to acrolein

and exhibited more pronounced HIF-1a pathway signaling (Figure 6I). We also observed that primary

renal tubular epithelial cells with the Aldh2*2/*2 genotype displayed diminished mitochondrial

respiratory function compared to those with wild-type genotypes (Figure 6J). Finally, we used AAV

to overexpress ALDH2 in tubular cells. Our data illustrated that overexpression of ALDH?2 effectively

reduced acrolein-induced Acr-PC production and HIF-1a activation (Figure 6K-L). We also observed

that acrolein triggers the production of intracellular and mitochondrial reactive oxygen species (ROS),

lowers mitochondrial membrane potential, and reduces ATP production (Supplementary Figure 2A-

D). Using the Seahorse metabolic analyzer, we found that acrolein decreases maximal respiratory

capacity and ATP turnover in cultured tubular NRK-52E cells (Supplementary Figure 2E-G) and

primary cultured mouse tubular cells (Supplementary Figure 2H-J).

ALDH?2 mutant variant genotype mice exhibit a more pronounced shift from mitochondrial

respiration to glycolysis after kidney injury



To validate whether our observations in cultured cells are also present in vivo, we used tandem

mass spectrometry to analyze UUO and FAN mouse kidneys. This analysis revealed Cys358

modification of PKM2 and its inactivation (Supplementary Figure 3A-B, Supplementary Table 5).

We also found that PKM2 exhibited a clear nuclear translocation pattern in kidney tubular epithelial

cells post-injury in both kidney injury models (Figure 7A). Furthermore, ALDH2 mutant mice

showed higher expression levels of HIF1a, PDK1, and HXK?2 post-injury compared to ALDH2 wild-

type mice (Figure 7B). In diseased kidneys, we confirmed that the reduction in PKM2 activity varied

by Aldh2 genotype, with Aldh2*2 homozygous mice showing the most significant decrease, followed

by heterozygous mice, and wild-type mice showing the most minor reduction (Figure 7C). Conversely,

the upregulation of HIF-1a signaling was least in wild-type mice and highest in Aldh2*2/*2 mice

(Figure 7D). Additionally, mitochondrial ATP levels were markedly reduced in the kidneys of

ALDH2 mutant mice across both fibrosis models (Figure 7E-F).

AAV-mediated ALDH2 overexpression restores tubular mitochondrial function and mitigates

kidney fibrosis.

To explore the potential of enhancing ALDH2 to prevent kidney injury, we used AAVS delivery

through subcapsular (SC) injections, bypassing the kidney size exclusion barrier (25, 26). Following

optimization of AAVS8 dosage and delivery timing, validated by in vivo luminescence measurement,

and verifying a comparable kidney injury response in mice through SC injection of both AAV8-EGFP

vector and PBS (Supplementary Figure 4), we assessed the kidney-protective effects of AAV-

mediated ALDH2 expression. Immunofluorescent images 28 days post-SC injection revealed robust
10



kidney transduction in wild-type and Aldh2*2/*2 mice (Figure 8A). Our findings indicate that AAV-

8-mediated ALDH2 overexpression effectively decreased Acr-PC accumulation, attenuated the

inflammatory response, and mitigated kidney fibrosis severity in WT and ADLH2 mutant mice

(Figure 8B-G). ALDH2 overexpression also restored PK activity and ATP content and suppressed

HIF-1a signaling in the UUO model (Supplementary Figure 5).
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Discussion

The present study provides significant insights into the role of ALDH?2 in kidney fibrosis and

its potential as a therapeutic target. Our results demonstrate that kidney ALDH2 expression level

correlates with better kidney function, reduced IFTA, and a favorable long-term prognosis in CKD

patients. In the animal experimental model, ALDH2 expression down-regulates in the development

of kidney fibrosis, accompanied by toxic Acr-PC accumulation, and our transgenic animal models

showed that mice carrying a decreased enzymatic activity of ALDH?2 variation have exacerbated Acr-

PC accumulation and increased kidney fibrosis severity after kidney injury. Mechanistically,

accumulated acrolein could trigger PKM2 nuclear translocation, which coactivates HIF-1a signaling

and induces mitochondrial dysfunction. To address the potential clinical implication of our study, we

showed that AAV-mediated ALDH2 delivery can mitigate Acr-PC accumulation and improve

fibrosis. These findings highlight the significant role of ALDH2 in kidney fibrosis pathogenesis,

offering insights into novel avenues for understanding and treating CKD (Figure 9).

Our study underscores the importance of ALDH?2 in kidney health. We demonstrated that

ALDH2 expression correlates with kidney fibrosis, urinary acrolein levels, and clinical outcomes in

CKD. This contributes significantly to the field as it establishes a clear link between ALDH2 and

kidney disease progression. It also suggests that ALDH2 could serve as a potential biomarker for

kidney disease. This finding aligns with previous studies that have implicated ALDH2 in various

kidney diseases (19, 27) and may also explain why individuals carrying the Glu504Lys polymorphism

in ALDH2 have a higher risk of CKD (21). The precise mechanism behind ALDH2 downregulation
12



in fibrotic kidneys is not yet fully understood, but it appears to involve multiple factors. Predominant

oxidative stress (28) and inflammatory signaling pathways, such as JNK (29), contribute to this

downregulation. Furthermore, dysregulation of critical pathways, including Wnt/p-catenin and TGF-

B signaling, likely plays a crucial role in diminishing ALDH2 expression in fibrotic conditions (30,

31). These insights underscore the intricate regulatory network governing ALDH2 in the context of

fibrotic disease. In contrast to the Aldh2 knockout mice, which have no ALDH2 enzyme activity and

display age-related cognitive impairment and Alzheimer’s disease (32), mice carrying the Glu504Lys

variant do not show any abnormalities in the nervous system and are more representative of clinical

scenarios.

Earlier research has explored how ALDH2 confers protection to the kidneys during acute

kidney injury by activating autophagy (17, 19), facilitating mitochondrial biogenesis via PGC-1a (18),

and inhibiting the IkBo/NF-kB/IL-17C pathway (33). We showed that reduced ALDH2 enzyme

activity results in acrolein accumulation in renal tubules, which induces PKM2 translocation to the

nucleus and coactivates HIF-1a signaling. This finding not only deepens our understanding of the

pathogenesis of kidney fibrosis but also identifies potential therapeutic targets. This is consistent with

recent studies highlighting the role of PKM2 in kidney disease (34-36).

Our investigation presents compelling evidence regarding the therapeutic potential of ALDH2.

We have demonstrated that AAV-mediated ALDH2 overexpression leads to a reduction of toxic

aldehydes, restoration of tubular mitochondrial function, and attenuation of kidney fibrosis. Notably,

our finding indicated that acrolein modifies PKM2 protein, prompting its translocation to the cell
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nucleus. This modification shifts mitochondrial oxidative phosphorylation toward aerobic glycolysis

and activates HIF l a transcription. Nuclear PKM2 then co-activates HIF-1a, forming a transcriptional

complex that upregulates PDK1 and HXK2 expression in kidney tubular cells. These discoveries

establish a clear association between acrolein-induced mitochondrial dysfunction and the progression

of CKD.

In the realm of novel drug development, the efficacy of ALDH2 activators, such as AD-5591

and Alda-1, in mitigating tissue damage has been well-documented across various organs (18, 19, 37-

40). Recently, a novel and highly selective ALDH2 activator, AD-9308, has emerged, demonstrating

promising outcomes in addressing diet-induced obesity and fatty liver and enhancing glucose

homeostasis in both ALDH2 wild-type and mutation mice (41). In our study, we utilized AAVS-

directed ALDH2 gene delivery to enhance ALDH2 activity, specifically within the kidneys. This

intervention results in a significant reduction in kidney damage, inflammation, and fibrosis. Notably,

our analysis showed the highest ALDH2 expression in the kidney tubules, aligning with previous

observations (26). To summarize, our findings underscore the therapeutic potential of modulating

kidney ALDH?2 expression as a strategy to attenuate the progression of kidney fibrosis.

Our study has limitations and highlights several areas that warrant further investigation. While

we utilized kidney gene expression data and urine analysis to demonstrate the negative correlation

between ALDH2 expression and kidney disease progression, we were unable to obtain ALDH2

genotyping of the study individuals due to IRB restrictions. Secondly, although we have established

the crucial role of ALDH?2 in kidney health, the precise mechanisms underlying its protective effects
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remain incompletely understood. Future studies should focus on elucidating these mechanisms to

facilitate the development of more effective therapeutic strategies. Moreover, while our study

provides compelling evidence for the therapeutic potential of ALDH2, further research is necessary

to translate these findings into clinical practice.

In conclusion, our study reveals the significant role of ALDH2 in kidney fibrosis and its

therapeutic potential. We established correlations between ALDH2 expression, kidney fibrosis,

urinary acrolein levels, and CKD outcomes. Additionally, we elucidated molecular mechanisms

underlying the involvement of ALDH?2 in kidney fibrosis, providing compelling evidence for its

therapeutic efficacy. Our findings address knowledge gaps and inspire future research, potentially

leading to innovative therapeutic approaches for kidney disease.
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Methods

Sex as a biological variable. In our human studies, we examined male and female patients, and

similar findings were reported for both sexes. In contrast, our animal studies used only male mice to

avoid potential interference from sex hormones.

Participants in the Taipei Renal Transcriptomics and Outcomes Investigation (TRTOI) study.

The TRTOI details were previously described (22); it is a prospective study conducted at Taipei

Veterans General Hospital in Taiwan, focusing on adults undergoing native kidney biopsies or

nephrectomies. TRTOI aims to analyze kidney transcriptomic profiles, seeking new biomarkers for

patient outcomes. The study design was approved by the Institutional Review Board of Taipei

Veterans General Hospital, adhering to Helsinki Declaration principles (IRB#2021-08-013B).

Eligible patients provided written informed consent. Kidney samples were processed using

standardized techniques. An experienced nephropathologist, who remained unaware of ALDH2

results, performed histopathological analysis. Blood and urine samples were collected on the biopsy

day.

Estimation of glomerular filtration rate (GFR) and assessment of chronic tubulointerstitial

damage. The Modification of Diet in Renal Disease (MDRD) formula estimated GFR. Chronic

tubulointerstitial damage was evaluated in kidney biopsy samples using H&E, PAS, Jones silver, and

Masson's trichrome staining. The affected cortex area of interstitial fibrosis and tubular atrophy (IFTA)

was quantified for each stain and subsequently averaged to obtain an overall percentage.

Gene expression analysis in the tubulointerstitial portion of TRTOI cohort patients. A portion
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of the human kidney biopsy tissue was preserved in RNAlater (Invitrogen) and underwent manual

microdissection to separate the glomerular and tubulointerstitial sections. The procedure for

analyzing the mRNA expression pattern of the isolated tubulointerstitial component is described in

the Supplementary Methods.

Major adverse kidney events. The primary outcome was a combination of major adverse kidney

events (MAKE), which included a decrease in eGFR by 40% or greater from the baseline to the latest

available measurement, kidney failure, or mortality due to cardiovascular or kidney-related causes.

Participants were followed until kidney failure, death, loss to follow-up, or study completion (January

31, 2023), with no loss to follow-up reported.

Analysis of urinary acrolein levels. Urinary acrolein levels (acrolein/creatinine) were measured

using a previously described competitive enzyme immunoassay (14).

Animal experiments. All animal experiments were conducted following approval by the Institutional

Animal Care and Use Committee of National Yang Ming Chiao Tung University, adhering to the

Guidelines for Animal Research of the institution (IACUC# 1110808r). Mice were individually

housed under controlled conditions of temperature (23°C) on a 12:12 h light-dark cycle, with

unrestricted access to food and water. This study utilized male C57/BL6 mice, the wild type (WT)

mice, and Aldh2*2 E487K knock-in mutant mice, reflecting the East Asian E487K mutation

(Aldh2*2 mice), aged 6-10 weeks. We exclusively selected male mice for the experiment to mitigate

any potential interference from sex hormones. The Aldh2*2 mice, developed by Dr. Daria Mochly-

Rosen (42), were bred and raised in-house, with genotyping performed by Genomics Inc. For the folic
17



acid-induced interstitial fibrosis model, male C57BL/6 mice with Aldh2 wild type (Aldh2-WT) or
mutant Aldh2 homozygous (Aldh2*2/*2) and heterozygous genotypes (Aldh2*1/*2), aged eight to
ten weeks, were intraperitoneally injected with a single dose of 225 mg/kg folic acid (Sigma-Aldrich)
in 0.3 mM NaHCO3 solution. They were sacrificed at 28 days, as previously outlined (43, 44). In the
unilateral ureteral obstruction (UUO) model, male C57BL/6 mice with Aldh2 wild type (Aldh2-WT)
or mutant Aldh2 homozygous (Aldh2*2/*2) and heterozygous genotypes (Aldh2*1/*2), aged six to
eight weeks, were anesthetized using 1-3% isoflurane. The left kidney's proximal ureter was ligated
with 6-0 suture silk through a subcostal lateral incision. Sham-operated mice underwent the same
surgical procedure without ligation. Following the surgical procedure, mice were initially placed in
individual housing and subsequently transitioned to communal housing under standard conditions for
either 7- or 14-days post-surgery.

Intra-renal delivery of ALDH2 gene using AAVS viral vector. Mice for the ALDH2 gene or PBS
administration were chosen randomly. Under 1-3% isoflurane anesthesia, 20 pL/site of AAV8
(containing 10'? viral particles, diluted in PBS) with AAV8-CB-ALDH2-EGFP construct (see
Supplementary Figure 6) was gently injected into the renal capsule using an insulin syringe. To
maintain kidney moisture, warm sterile saline was applied before AAV delivery. The needle of the
AAV-containing syringe pierced the kidney capsule's upper end and then moved slowly along the
inner surface from upper to lower. At the needle's midpoint, AAV was injected gradually; afterward,
the syringe was withdrawn slowly, and the injection site was compressed using a cotton swab for 3-

5 minutes. Once the matrix solidified, the kidney was returned to the abdominal cavity, and the wound
18



was closed with stitches. The animals were kept on a heating pad until recovery and returned to

Animal Facilities for monitoring. Additionally, a control group received intra-renal PBS injections.

Biochemical analyses. Before sacrifice, the blood of these animals was collected from the

submandibular (facial) vein for indicated time points. After sacrifice, blood samples were collected

by cardiac puncture using heparinized syringes. Serum was collected after centrifugation at 12,000

rpm for 5 min. Plasma levels of uric acid, blood urea nitrogen, and creatinine were assessed utilizing

the FUJI DRI-CHEM 40001 Automated Clinical Chemistry Analyzer.

Histological, immunohistochemical, and immunofluorescent staining analyses. Tissues were

fixed using 4% paraformaldehyde for 24 hours, followed by paraffin embedding for subsequent

histology, immunohistochemistry analyses, and IF staining, as described in the Supplementary

Methods.

Mitochondrial isolation. After euthanizing the mice, mitochondrial isolation from fresh kidney

tissue followed previously described procedures (45) (see Supplementary Methods).

ALDH2 activity and PK activity assays. The ALDH2 activity and PK activity in tissues or cells

were evaluated using the Mitochondrial ALDH2 Activity Assay kit (Abcam, ab115348) and PK

Assay Kit (Abcam, ab83432), respectively, following the manufacturer's instructions as described in

the Supplementary Methods.

Cell culture. The information regarding cell line and primary mouse renal tubule epithelial cell

culture is described in the Supplementary Methods.
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Intracellular and mitochondrial ROS analysis. To assess cytosolic and mitochondrial ROS

generation, dichlorofluorescein and MitoSox staining assays were utilized as described in

Supplementary methods.

Detection of mitochondrial membrane potential and ATP assays. The mitochondrial membrane

potential was evaluated using JC-1, and the procedure for ATP analysis was detailed in

Supplementary methods.

Mitochondrial respiration analysis and Real-Time ATP Rate Assay. Mitochondrial respiration

analysis and Real-Time ATP Rate Assay were conducted using the Seahorse XF24 Extracellular Flux

Analyzer (Seahorse Bioscience, North Billerica, MA), following the manufacturer’s instructions

outlined in Supplementary methods.

Quantitative real-time RT-PCR. The procedure for total RNA extraction, reverse transcription and

real-time RT-PCR analysis was described in Supplementary methods.

Cell fractionation and immunoblotting analysis. Cell fractionation and immunoblotting analysis

were performed following the procedure for preparing and evaluating cell lysates described in

previously reported methods (46), outlined in the Supplementary Methods.

Chromatin immunoprecipitation (ChIP) assay. The chromatin immunoprecipitation and real-time

PCR quantification were conducted as described in established procedures, outlined in

Supplementary Methods.
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Protein modification analysis by in-gel digestion and liquid chromatography-tandem mass

spectrometry (LC-MS/MS). In-gel digestion and protein modification identification were conducted

following established protocols, as described in the Supplementary Methods.

Statistical analysis. Data are presented as means with standard deviation (SD) or as numbers with

percentages. The relationships between kidney ALDH2 mRNA levels and variables of interest were

examined, and the respective Spearman's rank correlation coefficients were presented. To explore the

association between kidney ALDH2 mRNA levels and MAKE, participants were grouped based on

ALDH?2 tertile levels. Kaplan-Meier analysis, with ALDH2 as the grouping factor, assessed

cumulative MAKE risk, and comparisons were made using the log-rank test. We also performed

multivariable Cox proportional regression analysis to ascertain the independent association of kidney

ALDH2 mRNA with MAKE, initially without adjustments and subsequently adjusting for age, sex,

proteinuria, the presence of DKD, and eGFR, ensuring no significant collinearity in the multivariable

analysis. Significance was assessed using Mann—Whitney U or Kruskal-Wallis tests with two-tailed

P-values. All statistical computations were conducted using SPSS (version 23; SPSS Inc., Chicago,

IL, USA) and GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA), with a significance

threshold set at P < 0.05.

Study approval. The study design of human studies was approved by the Institutional Review Board

of Taipei Veterans General Hospital, adhering to Helsinki Declaration principles (IRB#2021-08-

013B). Eligible patients provided written informed consent. All animal experiments were conducted

following approval by the Institutional Animal Care and Use Committee of National Yang Ming
21



Chiao Tung University, adhering to the Guidelines for Animal Research of the institution (IACUC#

1110808r).

Data availability. Supporting data values associated with the main manuscript and supplement
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Author Contributions. S-Y L, M-T T, C-C L, and H-T W designed, performed research, and

analyzed data. Y-M K, H-M Y, Z-J T, and H-W C performed the experiments and analyzed the data.

M-T T, S-Y L, C-C L collected clinical samples and analyzed clinical data. S-Y L, M-T T and H-T

W wrote the paper.

Acknowledgments. We express gratitude to Prof. Yeou-Guang Tsay from the Institute of

Biochemistry and Molecular Biology, National Yang Ming Chiao Tung University, for valuable

assistance with LC-MS/MS and informatics analyses. We also thank Mr. David Ku, an undergraduate

student from the Department of Life Science at the University of Toronto, for assisting in cell culture

experiments. We extend our acknowledgment to the AAV Core Facility of Academia Sinica for their

contribution in generating recombinant AAV (Grant AS-CFII109-103). This work received

significant support from the "Yin Yen-Liang Foundation Development and Construction Plan" of the

College of Medicine, National Yang Ming Chiao Tung University.

Funding Statement. This work was supported by National Health Research Institutes, Taiwan under

[NHRI-EX111-11027PI, NHRI-EX112-11027PI (H-T Wang)], National Science and Technology

Council, Taiwan [111-2320-B-A49-018; 112-2314-B-A49-030 (H-T Wang)], Veterans General

Hospitals and University System of Taiwan Joint Research Program [VGHUST111-G1-4-2 (H-T
22



Wang); VGHUST111-G1-4-1 (C-C Lin)], and National Yang Ming Chiao Tung University Far

Eastern Memorial Hospital Joint Research Program [#NYCU-FEMH 113DN02 (H-T Wang)].

Statements and Declarations. The authors declare no potential conflicts of interest.

23



References

l. Stadler K, Goldberg 1J, and Susztak K. The evolving understanding of the contribution of
lipid metabolism to diabetic kidney disease. Curr Diab Rep. 2015;15(7):40.

2. Kang HM, Ahn SH, Choi P, Ko YA, Han SH, Chinga F, et al. Defective fatty acid oxidation
in renal tubular epithelial cells has a key role in kidney fibrosis development. Nat Med.
2015;21(1):37-46.

3. Moorhead JF, Chan MK, El-Nahas M, and Varghese Z. Lipid nephrotoxicity in chronic
progressive glomerular and tubulo-interstitial disease. Lancet. 1982;2(8311):1309-11.

4, Jao TM, Nangaku M, Wu CH, Sugahara M, Saito H, Maekawa H, et al. ATF6alpha
downregulation of PPARalpha promotes lipotoxicity-induced tubulointerstitial fibrosis.
Kidney Int. 2019;95(3):577-89.

5. Hauck AK, and Bernlohr DA. Oxidative stress and lipotoxicity. J Lipid Res.
2016;57(11):1976-86.

6. Gutteridge JM. Lipid peroxidation initiated by superoxide-dependent hydroxyl radicals
using complexed iron and hydrogen peroxide. FEBS Lett. 1984;172(2):245-9.

7. Gardner HW. Oxygen radical chemistry of polyunsaturated fatty acids. Free Radic Biol
Med. 1989;7(1):65-86.

8. Tudek B, Zdzalik-Bielecka D, Tudek A, Kosicki K, Fabisiewicz A, and Speina E. Lipid
peroxidation in face of DNA damage, DNA repair and other cellular processes. Free Radic
Biol Med. 2017;107:77-89.

9. Xiao M, Zhong H, Xia L, Tao Y, and Yin H. Pathophysiology of mitochondrial lipid
oxidation: Role of 4-hydroxynonenal (4-HNE) and other bioactive lipids in mitochondria.
Free Radic Biol Med. 2017;111:316-27.

10.  Mitchell DY, and Petersen DR. Inhibition of rat liver aldehyde dehydrogenases by acrolein.
Drug Metab Dispos. 1988;16(1):37-42.

11. Yoval-Sanchez B, and Rodriguez-Zavala JS. Differences in susceptibility to inactivation of
human aldehyde dehydrogenases by lipid peroxidation byproducts. Chem Res Toxicol.
2012;25(3):722-9.

12. Sindhu KK. Uremic toxins: some thoughts on acrolein and spermine. Ren Fail.
2016;38(10):1755-8.

13. Sakata K, Kashiwagi K, Sharmin S, Ueda S, Irie Y, Murotani N, et al. Increase in putrescine,
amine oxidase, and acrolein in plasma of renal failure patients. Biochem Biophys Res
Commun. 2003;305(1):143-9.

14. Tong ZJ, Kuo CW, Yen PC, Lin CC, Tsai MT, Lu SH, et al. Acrolein plays a culprit role in
the pathogenesis of diabetic nephropathy in vitro and in vivo. Eur J Endocrinol.
2022;187(4):579-92.

15. Gao J, Hao Y, Piao X, and Gu X. Aldehyde Dehydrogenase 2 as a Therapeutic Target in

Oxidative Stress-Related Diseases: Post-Translational Modifications Deserve More

24



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Attention. Int J Mol Sci. 2022;23(5).

Chen CH, Ferreira JC, Gross ER, and Mochly-Rosen D. Targeting aldehyde dehydrogenase
2: new therapeutic opportunities. Physiol Rev. 2014;94(1):1-34.

Xu T, Guo J, Wei M, Wang J, Yang K, Pan C, et al. Aldehyde dehydrogenase 2 protects
against acute kidney injury by regulating autophagy via the Beclin-1 pathway. JCI Insight.
2021;6(15).

LiJ, Shi X, Chen Z, Xu J, Zhao R, Liu Y, et al. Aldehyde dehydrogenase 2 alleviates
mitochondrial dysfunction by promoting PGC-1alpha-mediated biogenesis in acute kidney
injury. Cell Death Dis. 2023;14(1):45.

Lin D, Xiang T, Qiu Q, Leung J, Xu J, Zhou W, et al. Aldehyde dehydrogenase 2 regulates
autophagy via the Akt-mTOR pathway to mitigate renal ischemia-reperfusion injury in
hypothermic machine perfusion. Life Sci. 2020;253:117705.

Tang S, Huang T, Jing H, Huang Z, Chen H, Fan Y, et al. Aldehyde dehydrogenase-2 acts as
a potential genetic target for renal fibrosis. Life Sci. 2019;239:117015.

Morita K, Oniki K, Miyazaki H, Saruwatari J, Ogata Y, Mizobe M, et al. Aldehyde
dehydrogenase 2 as a potential protective factor for renal insufficiency in Japanese subjects
with heart failure: a pilot study. J Hum Hypertens. 2014;28(4):279-81.

Tsai MT, Ou SM, Lee KH, Lin CC, and Li SY. Circulating Activin A, Kidney Fibrosis, and
Adverse Events. Clin J Am Soc Nephrol. 2023.

Lai CL, Yao CT, Chau GY, Yang LF, Kuo TY, Chiang CP, et al. Dominance of the inactive
Asian variant over activity and protein contents of mitochondrial aldehyde dehydrogenase 2
in human liver. Alcohol Clin Exp Res. 2014;38(1):44-50.

Luo W, Hu H, Chang R, Zhong J, Knabel M, O'Meally R, et al. Pyruvate kinase M2 is a
PHD3-stimulated coactivator for hypoxia-inducible factor 1. Cell. 2011;145(5):732-44.
Gallardo PA, Vio, C.P. . Springer, Cham; 2022.

Rubin JD, Nguyen TV, Allen KL, Ayasoufi K, and Barry MA. Comparison of Gene Delivery
to the Kidney by Adenovirus, Adeno-Associated Virus, and Lentiviral Vectors After
Intravenous and Direct Kidney Injections. Hum Gene Ther. 2019;30(12):1559-71.

Morcos PA, LiY, and Jiang S. Vivo-Morpholinos: a non-peptide transporter delivers
Morpholinos into a wide array of mouse tissues. Biotechniques. 2008;45(6):613-4, 6, 8
passim.

Oelze M, Knorr M, Schell R, Kamuf'J, Pautz A, Art J, et al. Regulation of human
mitochondrial aldehyde dehydrogenase (ALDH-2) activity by electrophiles in vitro. J Biol
Chem. 2011;286(11):8893-900.

Moon KH, Lee YM, and Song BJ. Inhibition of hepatic mitochondrial aldehyde
dehydrogenase by carbon tetrachloride through JNK-mediated phosphorylation. Free Radic
Biol Med. 2010;48(3):391-8.

Wei Y, Gao S, Li C, Huang X, Xie B, Geng J, et al. Acetaldehyde Dehydrogenase 2
Deficiency Aggravates Lung Fibrosis through Mitochondrial Dysfunction and Aging in

25



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fibroblasts. Am J Pathol. 2024.

Cojoc M, Peitzsch C, Kurth I, Trautmann F, Kunz-Schughart LA, Telegeev GD, et al.
Aldehyde Dehydrogenase Is Regulated by beta-Catenin/TCF and Promotes Radioresistance
in Prostate Cancer Progenitor Cells. Cancer Res. 2015;75(7):1482-94.

D'Souza Y, Elharram A, Soon-Shiong R, Andrew RD, and Bennett BM. Characterization of
Aldh2 (-/-) mice as an age-related model of cognitive impairment and Alzheimer's disease.
Mol Brain. 2015;8:27.

Chen Y, Xiong Y, Luo J, Hu Q, Lan J, Zou Y, et al. Aldehyde Dehydrogenase 2 Protects the
Kidney from Ischemia-Reperfusion Injury by Suppressing the IkappaBalpha/NF-kappaB/IL-
17C Pathway. Oxid Med Cell Longev. 2023;2023:2264030.

Liu H, Takagaki Y, Kumagai A, Kanasaki K, and Koya D. The PKM2 activator TEPP-46
suppresses kidney fibrosis via inhibition of the EMT program and aberrant glycolysis
associated with suppression of HIF-1alpha accumulation. J Diabetes Investig.
2021;12(5):697-7009.

Kuo CW, Chen DH, Tsai MT, Lin CC, Cheng HW, Tsay YG, et al. Pyruvate kinase M2
modification by a lipid peroxidation byproduct acrolein contributes to kidney fibrosis. Front
Med (Lausanne). 2023;10:1151359.

Xie W, He Q, Zhang Y, Xu X, Wen P, Cao H, et al. Pyruvate kinase M2 regulates
mitochondrial homeostasis in cisplatin-induced acute kidney injury. Cell Death Dis.
2023;14(10):663.

Chen CH, Budas GR, Churchill EN, Disatnik MH, Hurley TD, and Mochly-Rosen D.
Activation of aldehyde dehydrogenase-2 reduces ischemic damage to the heart. Science.
2008;321(5895):1493-5.

Ding J, Zhang Q, Luo Q, Ying Y, Liu Y, Li Y, et al. Alda-1 Attenuates Lung Ischemia-
Reperfusion Injury by Reducing 4-Hydroxy-2-Nonenal in Alveolar Epithelial Cells. Crit
Care Med. 2016;44(7):e544-52.

Fu SH, Zhang HF, Yang ZB, Li TB, Liu B, Lou Z, et al. Alda-1 reduces cerebral
ischemia/reperfusion injury in rat through clearance of reactive aldehydes. Naunyn
Schmiedebergs Arch Pharmacol. 2014;387(1):87-94.

Zhang T, Zhao Q, Ye F, Huang CY, Chen WM, and Huang WQ. Alda-1, an ALDH2
activator, protects against hepatic ischemia/reperfusion injury in rats via inhibition of
oxidative stress. Free Radic Res. 2018;52(6):629-38.

Chang YC, Lee HL, Yang W, Hsieh ML, Liu CC, Lee TY, et al. A common East-Asian
ALDH2 mutation causes metabolic disorders and the therapeutic effect of ALDH2
activators. Nat Commun. 2023;14(1):5971.

Chen CH, Ferreira JCB, Joshi AU, Stevens MC, Li SJ, Hsu JH, et al. Novel and prevalent
non-East Asian ALDH2 variants; Implications for global susceptibility to aldehydes'
toxicity. EBioMedicine. 2020;55:102753.

Bechtel W, McGoohan S, Zeisberg EM, Muller GA, Kalbacher H, Salant DJ, et al.

26



44,

45.

46.

Methylation determines fibroblast activation and fibrogenesis in the kidney. Nat Med.
2010;16(5):544-50.

Jin H, Zhang Y, Ding Q, Wang SS, Rastogi P, Dai DF, et al. Epithelial innate immunity
mediates tubular cell senescence after kidney injury. JCI Insight. 2019;4(2).
Acin-Perez R, Montales KP, Nguyen KB, Brownstein AJ, Stiles L, and Divakaruni AS.
Isolation of Mitochondria from Mouse Tissues for Functional Analysis. Methods in
molecular biology. 2023;2675:77-96.

Jhuo JY, Tong ZJ, Ku PH, Cheng HW, and Wang HT. Acrolein induces mitochondrial
dysfunction and insulin resistance in muscle and adipose tissues in vitro and in vivo.
Environ Pollut. 2023;336:122380.

27



>

-Log (Padj)

Oo
[ ]
.;¢l o.a
. 9o
L]
[ ]

°
rs = 0.67, P<0.001

(]
I 107
Q
I o
2 e
=
ALDH2 o 7
. =
N 6
; | g o
2 0 2 4 A
Log FC

2 4 6
eGFR (Log2)

8

Log2 (TPM) of ALDH2

T
104 104
Q
9 ® See’ o El 98
°
w8 5 Ml
4 (o] iy i (]
8 .o..‘o:.. s 8¢ og.::.go.
7 ° . & 7 R )
° ~ °
rs <0.001, P>0.99 N rs =-0.71, P < 0.001
6 T T T 1 o 6 T T T T 1
-1 0 1 2 3 3 0 20 40 60 80 100
UPCR (Log2) IFTA (%)

Urinary acrolein levels
(nmol/mg Cre)

H

*0.04
| >0.99 0.25 |
I
e |
o
o 8 o
° o
Q 8
Tertile 1  Tertile 2 Tertile 3

ALDH?2 expression (TPM)

@ MAKE
D 1.00
9
©
—
©
g 075
S
0.50
n —+ Tertile 1
8 ~+ Tertile 2
q: 0.25 -~ Tertile 3
-'é' P <0.001
(O]
> 0.00
w 0 1 2 3 4

Duration after kidney biopsy (Years)



Figure legends

Figure 1. The diminished expression of aldehyde dehydrogenase 2 (ALDH2) in kidney tissues

is correlated with adverse kidney outcomes in individuals with chronic kidney disease (CKD).

(A) The volcano plot illustrates gene expression changes, indicating ALDH2 downregulation in

fibrotic kidney disease compared to non-fibrotic cases. The X-axis represents Log2 fold change, and

the Y-axis represents -Logl0O (P values). (B) Scatterplots depict the correlation between kidney

ALDH2 mRNA levels and estimated glomerular filtration rate (¢GFR, the left panel), proteinuria (the

middle panel), and the extent of interstitial fibrosis and tubular atrophy (IFTA, the right panel).

Correlation coefficients (rs) and P values are displayed. (C-F) Immunohistochemical staining of

kidney biopsies from CKD patients versus healthy controls showed strong ALDH2 positivity in

normal tubular epithelia (C), contrasting with reduced expression in advanced CKD (E). Enlarged

views are displayed on the right (D and F). (Original magnifications of X200 [C and E] and x400 [D

and F]). Scale bar: 100 pum. (G) Urinary acrolein levels in CKD patients were assessed based on

kidney ALDH2 mRNA tertiles. Acrolein levels increased with declining ALDH2 expression, with

tertiles at transcript per million (TPM) 238.3 (197.7-273.2), 352.8 (333.3-374.6), and 427.8 (408.5—

486.2). (H) Major adverse kidney events (MAKE), stratified by kidney ALDH?2 tertiles, showed a

significant association in Kaplan-Meier survival curves, determined by the log-rank test. MAKE was

defined as a >40% decline in eGFR, kidney failure, or death. Abbreviations: ALDH2, aldehyde

dehydrogenase 2; eGFR, estimated glomerular filtration rate; IFTA, interstitial fibrosis and tubular
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atrophy; MAKE, Major adverse kidney events; TPM, transcript per million; UPCR, urine protein

creatinine ratio.
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Figure 2. Analysis of acrolein-protein conjugates (Acr-PC), aldehyde dehydrogenase 2 (ALDH2)

expression, and fibrosis markers in Aldh2*1 (wild-type) mice after unilateral ureteral

obstruction (UUQO). UUO surgery was conducted in wild-type mice (n=5), and the obstructed

kidneys were collected at 7 and 14 days post-surgery. (A) Representative kidney gross appearance

from wild type mice at day 7 or 14 after UUO. (B) The first panel displays Periodic acid-Schiff (PAS)

staining to assess morphological alterations in kidney tissues. The second panel exhibits Sirius red

staining to evaluate the extent of kidney fibrosis on day 7 and 14 after UUO. The third to fifth panels

present immunohistochemistry depicting Acr-PC levels, ALDH2, and Vimentin in kidney tissues.

Scale bar: 50 um. (C) The upper panel illustrates Western blot analysis of Acr-PC in kidney tissues

of mice at day 7 and 14 after UUO, with quantification of these proteins shown in the lower panel.

(D) The upper panel presents Western blot analysis of collagen 1, a-smooth muscle actin (a-SMA),

and ALDH?2 in kidney tissues of mice at day 7 and 14 after UUO, with quantification of these proteins

shown in the lower panel. Data are represented as mean = SD. Statistical significance was determined

using Kruskal-Wallis tests, with two-tailed P-values displayed. *P<0.05, **P<0.01, ***P<0.001

compared to the vehicle control group.
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Figure 3. Assessment of acrolein-protein conjugates (Acr-PC), aldehyde dehydrogenase 2

(ALDH2) expression, and fibrosis markers in Aldh2*1 (wild-type) mice through folic acid

nephropathy (FAN). Wild-type mice (n=5) received intraperitoneal injections of FA (225 mg/kg in

300 mM NaHCO3) and were subsequently sacrificed on day 28. (A) Measurement of serum creatinine

(sCr) of mice on day 0, 3, 7, 14, 21, and 28 after FA injection. (B) Representative kidney gross

appearance is displayed in the left panel, and the right panel presents a statistical analysis of the

kidney-to-body weight ratio. (C) Periodic acid-Schiff (PAS) staining is shown in the first panel to

assess morphological changes in kidney tissues. Sirius red staining to evaluate the kidney fibrosis

area on day 28 post-FA injection is depicted in the second panel. Immunohistochemistry for Acr-PC,

ALDH2, and Vimentin in kidney tissues is presented in the third to fifth panels. Scale bar: 50 pm.

(D) The left panel shows Western blot analysis of Acr-PC in kidney tissues of mice on day 28 after

FA injection, with quantification of these proteins presented in the right panel. (E) The upper panel

shows Western blot analysis of collagen 1, a-smooth muscle actin (a-SMA), and ALDH?2 in kidney

tissues of mice on day 28 after FA injection, with quantification of these proteins presented in the

lower panel. Data are represented as mean + SD. Statistical significance was determined using Mann-

Whitney U tests, and two-tailed P-values are shown. *P<0.05, **P<0.01, ***P<0.001 compared to

the vehicle control group.
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Figure 4. Evaluation of acrolein-protein conjugates (Acr-PC), fibrosis markers, inflammatory

cytokines, and kidney damage markers in Aldh2*1/*2 and Aldh2*2/*2 mice compared to

Aldh2*1 (wild-type, WT) mice after unilateral ureteral obstruction (UUQO). A UUO model was

induced in WT, Aldh2*1/*2, and Aldh2*2/*2 mice (n=5 for each group), and kidneys were collected

7 days after surgery. (A) Hematoxylin and eosin (H&E) and Periodic acid-Schiff (PAS) staining

assess morphological changes in kidney tissues (first and second panels). Sirius red staining evaluates

the kidney fibrosis area on day 7 after UUO (third panel). Immunohistochemistry for Acr-PC in

kidney tissues is presented in the fourth panel. Scale bar: 50 pm. (B) The upper panel shows Western

blot analysis of Acr-PC in kidney tissues, with quantification of these proteins shown in the lower

panel. (C) The left panel shows Western blot analysis of collagen 1, a-smooth muscle actin (a-SMA),

and ALDH2 in kidney tissues, with quantification of these proteins shown in the right panel. mRNA

expression of (D) Collal, Acta2, (E) Havcrl, Len2, and (F) 116, 111b in kidney tissues was assessed

using quantitative RT-PCR analysis. Data are presented as mean = SD. Statistical significance was

determined using Kruskal-Wallis tests, and two-tailed P-values are shown. ***P<0.001 compared to

the WT group. Abbreviations: Acta2: actin alpha 2; Aldh2: aldehyde dehydrogenase 2; Collal:

collagen type I alpha 1 chain; Havcrl: hepatitis A virus cellular receptor 1 homolog; 116: interleukin-

6, l11b: interleukin-1; Lcn2: lipocalin-2.
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Figure 5. Assessment of acrolein-protein conjugates (Acr-PC), fibrosis markers, inflammatory

cytokines, and kidney damage markers in Aldh2*1/*2 and Aldh2*2/*2 mice compared to

Aldh2*1 (wild-type, WT) mice through folic acid nephropathy (FAN). WT, Aldh2*1/*2, and

Aldh2*2/*2 mice (n=5 for each group) were intraperitoneally administered FA (225 mg/kg in 300

mM NaHCOs3) and sacrificed on day 28. (A) The upper panel displays the gross appearance of

representative kidneys, while the lower panel presents the statistical analysis of the kidney-to-body

weight ratio. (B) Hematoxylin and eosin (H&E) and Periodic acid-Schiff (PAS) staining are shown

in the first and second panels to assess morphological changes in kidney tissues. Sirius red staining

to evaluate the kidney fibrosis area on day 28 after FA injection is depicted in the third panel.

Immunohistochemistry (IHC) for Acr-PC in kidney tissues is presented in the fourth panel. Scale bar:

50 um. The upper panel displays Western blot analysis of (C) Acr-PC, (D) collagen 1, a-smooth

muscle actin (a-SMA), and ALDH2 in kidney tissues of mice, with quantification of these proteins

shown in the lower panel. mRNA expression of (E) Collal, Acta2, (F) Havcrl, Lcn2, and (G) 116,

I11b in kidney tissues of mice was assessed using quantitative RT-PCR analysis. Data are presented

as mean + SD. Statistical significance was determined using Kruskal-Wallis tests, and two-tailed P-

values are shown. *P<(.05, **P<0.01, ***P<0.001 compared to the WT group. Abbreviations: Acta2:

actin alpha 2; Aldh2: aldehyde dehydrogenase 2; Collal: collagen type I alpha 1 chain; Havcrl:

hepatitis A virus cellular receptor 1 homolog; 116: interleukin-6, 111b: interleukin-1f; Lcn2: lipocalin-
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Figure 6. Acrolein-modified pyruvate kinase M2 (PKM2) shifts mitochondrial oxidative

phosphorylation to aerobic glycolysis in NRK-52E cells and primary mouse renal tubular

epithelial cells. (A-C) NRK-52E cells were exposed to acrolein (0-30 uM) for 24 h. (A) Western blot

analysis of Acr-PC is presented. (B) Tandem mass spectrum illustrating the acrolein-modified peptide

in acrolein-treated NRK-52E cells. (C) Pyruvate kinase (PK) activity was determined. (D)

Immunofluorescent staining of PKM?2 in acrolein-treated NRK-52E cells. Scale bar: 10 um. (E)

Subcellular localization of PKM2 in acrolein-treated NRK-52E cells. Cells treated with acrolein (20

uM, 24 h) were subjected to the Cell Fractionation Kit, followed by Western blot analysis. (F) Co-

immunoprecipitation analysis of nuclear fractions prepared from acrolein-treated NRK-52E cells

using an anti-PKM?2 antibody or IgG antibody, followed by Western blot analysis. (G) Cells treated

with acrolein (20 uM, 24 h) were subjected to chromatin immunoprecipitation (ChIP) assays with

antibodies against HIF-1a (the left panel), PKM2 (the right panel), or IgG, followed by real-time

qPCR for PDK1 and HXK2. (H) NRK-52E cells treated with acrolein (0-30 uM) for 24 h were

subjected to Western blot analysis with quantification. (I) Primary renal tubular epithelial cells

isolated from Aldh2 wild-type (WT) or Aldh2*2/*2 mice treated with acrolein (0-30 uM) for 24 h

were subjected to Western blot analysis with quantification. (J) Oxygen consumption rate (OCR) was

analyzed using the Seahorse XFe24 Metabolic Flux Analyzer. (K-L) ALDH2 overexpression in

NRK-52E cells using pssAAV-CB-ALDH2-EGFP transient transfection for 24 h followed by acrolein

treatment (20 uM, 24 hours). Western blot analysis was performed. Data is presented as mean + SD.

Statistical significance was determined using Kruskal-Wallis tests, with two-tailed p values indicated.
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*p<0.05, ***p<0.001 compared with vehicle treatment. Data are presented as mean =+ SD.

Abbreviations: HXK2: hexokinase 2; HIF-1a: hypoxia-inducible factor 1 alpha; PDK1: pyruvate

dehydrogenase kinase 1.
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Figure 7. Acrolein-modified pyruvate kinase M2 (PKM2) shifts mitochondrial oxidative

phosphorylation to aerobic glycolysis in murine kidneys under unilateral ureteral obstruction

(UUO) or folic acid nephropathy (FAN). (A) Immunofluorescent staining of PKM2 in the kidney

tissues of mice exposed to UUO on day 7 (the left panel) or FA injection on day 28 (the right panel).

Nuclei were counter-stained with DAPI. The white arrows indicate representative nuclear

translocation of PKM2. Scale bar: 10 pm. (B) The upper panel displays Western blot analysis of HIF-

la, PDK-1, and HXK2 in kidney tissues of sham and UUO groups of Aldh2 wild-type and

Aldh2*2/*2 mice, with quantification of these proteins shown in the lower panel. (C) Pyruvate kinase

(PK) activity in the kidney tissues of mice exposed to UUO day 7 (the left panel) or FA injection day

28 (the right panel) was determined. (D) The upper panel displays Western blot analysis of HIF-1a,

PDK-1, and HXK2 in kidney tissues of mice exposed to UUO on day 7 (the left panel) or FA injection

on day 28 (the right panel), with quantification of these proteins shown in the lower panel. (E) Mice

kidney mitochondria were isolated. Western blot analysis of subcellular preparations (Total: total

lysates, Mito: mitochondria) probed with antibodies specific for organelle-specific marker proteins:

cytosol (GAPDH) and mitochondria (voltage-dependent anion channel, VDAC). (F) ATP content of

mitochondria isolated from kidney tissues of mice exposed to UUO on day 7 (the left panel) or FA

injection on day 28 (the right panel) was measured. Data are presented as mean + SD. Statistical

significance was determined using Kruskal-Wallis tests, with two-tailed P values indicated. *P<0.05,

*#*%P<0.001 compared with vehicle treatment. Abbreviations: HXK2: hexokinase 2; HIF-1a:

hypoxia-inducible factor 1 alpha; PDK1: pyruvate dehydrogenase kinase 1.
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Figure 8. Impact of adeno-associated virus vector (AAV)-directed aldehyde dehydrogenase 2
(ALDH2) gene on acrolein-protein conjugate (Acr-PC) expression, fibrosis markers,
inflammatory cytokines, and kidney damage markers in ALDH2*1 (wild-type, WT) and
ALDH2*2/%*2 mice after unilateral ureteral obstruction (UUQO). WT mice (n=5) and Aldh2*2/*2
mice (n=5) underwent subcapsular (SC) injections of 2 x 10! GC of AAV8-ALDH2-EGFP for 28
days, followed by UUO surgery for 7 days. (A) Fluorescence images of ALDH2-EGFP in
cryopreserved kidney and liver tissue sections were used to evaluate EGFP fluorescence signaling.
Robust ALDH2-EGFP signaling was observed in the injected kidney, with some signal detected in
the contralateral un-injected kidney. Low ALDH2-EGFP signaling was detected in the liver. Scale
bar =20 um. (B) The first and second panels depict hematoxylin and eosin (H&E) and Periodic acid-
Schiff (PAS) staining, respectively, to assess morphological changes in kidney tissues. The third
panel shows Sirius red staining to evaluate the kidney fibrosis area on day 7 after UUO. The fourth
panel displays the immunohistochemistry (IHC) of Acr-PC in kidney tissues. Scale bar: 50 pm. (C)
Western blot analysis of Acr-PC in kidney tissues of mice is illustrated with quantification. (D)
Western blot analysis of collagen 1, a-smooth muscle actin (a-SMA), and ALDH?2 in kidney tissues
of mice is illustrated with quantification. mRNA expression of (E) Collal, Acta2, (F) Havcrl, Lcn2,
and (G) 116, I11b in kidney tissues was assessed through quantitative RT-PCR analysis. Data are
presented as mean + SD. Statistical significance was determined using Mann-Whitney U or Kruskal-
Wallis tests, and two-tailed P-values are indicated. *P<0.05, **P<0.01, ***P<0.001 compared to the

WT group. Abbreviations: Acta2: actin alpha 2; Collal: collagen type I alpha 1 chain; Havcrl:
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hepatitis A virus cellular receptor 1 homolog; 116: interleukin-6, 111b: interleukin-1f; Lcn2: lipocalin-
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Figure 9. Visual abstract. Kidney injury reduces aldehyde dehydrogenase 2 (ALDH2) expression,

and ALDH2*2 mutants have diminished enzyme activity. This reduced activity leads to acrolein

accumulation in tubular cells, modifying pyruvate kinase M2 (PKM2) at Cys358. Consequently,

PKM2 translocates to the nucleus, co-activating hypoxia-inducible factor 1 alpha (HIF-1a),

exacerbating mitochondrial dysfunction, and accelerating disease progression.
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