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SUMMARY

Obesity and fatty liver diseases—metabolic dysfunction-associated steatotic liver disease (MASLD) and
metabolic dysfunction-associated steatohepatitis (MASH)—affect over one-third of the global population
and are exacerbated in individuals with reduced functional aldehyde dehydrogenase 2 (ALDH2), observed
in approximately 560 million people. Current treatment to prevent disease progression to cancer remains
inadequate, requiring innovative approaches. We observe that Aldh2�/� and Aldh2�/�Sptbn1+/� mice
develop phenotypes of human metabolic syndrome (MetS) and MASH with accumulation of endogenous al-
dehydes such as 4-hydroxynonenal (4-HNE). Mechanistic studies demonstrate aberrant transforming growth
factor b (TGF-b) signaling through 4-HNE modification of the SMAD3 adaptor SPTBN1 (b2-spectrin) to pro-
fibrotic and pro-oncogenic phenotypes, which is restored to normal SMAD3 signaling by targeting SPTBN1
with small interfering RNA (siRNA). Significantly, therapeutic inhibition of SPTBN1 blocks MASH and fibrosis
in a human model and, additionally, improves glucose handling in Aldh2�/� and Aldh2�/�Sptbn1+/� mice.
This study identifies SPTBN1 as a critical regulator of the functional phenotype of toxic aldehyde-induced
MASH and a potential therapeutic target.

INTRODUCTION

Identifying non-toxic targets for the treatment of metabolic disor-

ders may enable the development of therapies that selectively

blunt the harmful effects of high-fat diets, excessive alcohol con-

sumption, or impaired metabolism of reactive aldehydes.1 This is

particularly challenging for drug development where short half-

life, lack of tissue specificity, and immunogenicity limit enzyme-

based therapies.2 Endogenously produced reactive aldehydes

are linked to the development of multiple diseases, including dia-

betes, insulin resistance, dyslipidemia, metabolic dysfunction-

associated steatohepatitis (MASH), and atherosclerosis.3–7
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These diseases are also associated with metabolic syndrome

(MetS), which is characterized by abdominal obesity, hyperglyce-

mia, hypertriglyceridemia, and hypertension. Globally, MetS af-

fects approximately 25%of all adults.8 As key regulators of phys-

iological metabolism, fat tissue and the liver are particularly

important in MetS.9,10 The frequencies of obesity-associated

metabolic dysfunction-associated steatotic liver disease

(MASLD) and MASH are increasing alarmingly throughout the

world, and these diseases contribute to increased risk of not

only MetS but also hepatocellular carcinoma (HCC).11 While mul-

tiple molecular pathways have been implicated in MetS, how

crucial signaling pathways involved in MetS, liver disease, and

fibrosis are linked to reactive aldehyde injury remains largely

undefined.7,12,13

Aldehyde dehydrogenase 2 (ALDH2) is an NAD(P+)-dependent

mitochondrial enzyme critical for metabolizing highly reactive

endogenous and exogenous aldehydes.3 A mutant allele of

ALDH2 (rs671, G>A), referred to as ALDH2*2, is carried by

�560 million people. This dominant-negative mutation destabi-

lizes the tetrameric enzyme, diminishing ALDH2 function, con-

verting acetaldehyde to acetate, and interfering with alcohol

metabolism.14–16 Besides alcohol-related diseases, the ALDH2

mutation is associated with MetS, HCC, and gastrointestinal

cancers.3,17–19 Compared to wild-type (WT) mice, homozygous

Aldh2 knockout mice exhibit increased susceptibility to toxicities

caused by alcohol ingestion or aldehyde inhalation and altered

immune-mediated metabolism.20 On a high-fat diet, male het-

erozygous (Aldh2*1/*2) and homozygous (Aldh2*2/*2) knockin

mice exacerbatedMASLD progression andMetS.21 Seo et al. re-

ported Aldh2-deficient (global knockout Aldh2�/�, Aldh2*1/*2
mutant, and Aldh2 liver-specific knockout) mice are more sus-

ceptible to CCl4 plus alcohol-associated liver fibrosis and HCC

development.22 Replacement or activation of ALDH2 has proven

problematic despite identifying small-molecule activators, but it

has not yet been taken to clinical trials.21,23

Transforming growth factor b (TGF-b) signaling plays a signif-

icant yet complex role in regulating energy homeostasis and

chronic liver conditions, from simple steatosis to severe

MASH.24–28 Recent studies indicate decreased expression

levels of genes in the TGF-b signaling pathway in overweight

and obese adults.25 High TGF-b1 levels are associated with hu-

man adiposity.26 Moreover, Smad3 loss or TGF-b receptor II loss

protects from diet-induced obesity, insulin resistance, and he-

patic steatosis.24,26–28 TGF-b drives fibrosis and cancer through

aberrant SMAD2/3 activation by TGF-b receptor1/2 and initiates

the expression of extracellular matrix components by directly

targeting PAI-1, CTGF, c-Jun, CDK4, and others.29–31 Moreover,

while multiple studies targeting TGF-b signaling through anti-

bodies,32 targeting TGF-b receptor1/2 by small-molecule inhibi-

tors, have demonstrated alleviation of fibrosis and tumor pro-

gression, clinical benefits have remained elusive because of

challenges that include off-target toxicities among other

issues.33–35

SPTBN1 (also called b2-spectrin or b2SP) is a SMAD3 adaptor

protein with functions in the cytoplasm and nucleus.36 Through

its interactions with SMAD3, SPTBN1 influences transcrip-

tional-regulated targets of TGF-b, important for genomic stabil-

ity, WNT signaling, and tumorigenesis.37–41 Mice heterozygous

for Sptbn1 (Sptbn1+/�), alone or when combined with the hetero-

zygosity of Smad3 (Smad3+/�Sptbn1+/�) spontaneously develop
severe fatty liver disease, fibrosis, inflammation, and cancers.

These data suggest that gene dosage of Smad3 or Smad3 and

Sptbn1 drives disease and tumorigenesis. With nearly 40% of

human liver and gastrointestinal cancers having genetic alter-

ations in TGF-b pathway components—mutations being pre-

dominantly heterozygous—these haploid mouse mutant models

represent physiologically relevant systems for studying liver dis-

ease and cancer and understanding the ‘‘gene dosage’’ effect of

TGF-b pathway members.42,43

Structurally, SPTBN1 is composed of a spectrin repeat section

flanked by a pair of calponin-homology domains at the N termi-

nus and a pleckstrin-homology domain at the C terminus. A

caspase-3 cleavage site (1454DEVD1457) is present in the spectrin

repeat 11. In stressed cultured hepatocytes, caspase-3 activity

is induced and cleaves SPTBN1 into N-terminal and C-terminal

products.44 These caspase-cleaved SPTBN1 fragments also

contribute to acetaminophen-induced liver damage.44 SPTBN1

has a liver-specific role in response to diet-induced fatty liver,

where caspase cleavage leads to spectrin fragments that

interact with the lipogenic transcription factor SREBP1 and pro-

mote SREBP1-driven de novo lipogenesis.45 The expression of

genes involved in either fatty acid metabolism or de novo lipo-

genesis, such as CIDEC, FASN, SCD1, and ACC1, which

SREBP1c induces, were highly activated by the cleaved spec-

trin-SREBP1c complex.45 Several studies indicate a potential

connection between spectrin and alcohol-related liver disease

or liver disease associated with ALDH2 deficiency.37 Homozy-

gous Sptbn1 knockout (Sptbn1�/�) is embryonic lethal in mice,

and Sptbn1�/� mouse embryos exhibit a phenotype resembling

fetal alcohol syndrome and are highly susceptible to alcohol-

induced death.37,38,41 AdultSptbn1+/�mice develop progressive

liver disease and HCC and have increased levels of Aldh2 and

malondialdehyde in the liver when given alcohol.37 Blockade of

liver-specific bII-spectrin (Sptbn1LSKO) is remedial, and it could

be reflective of importance of inhibiting toxic effects of

SPTBN1 fragments as well as dosage/abundance in TGF-b

pathway members serving as potential rate-limiting steps in

signaling for this pathway. Collectively, these findings suggest

that SPTBN1 has a role in regulating enzymes involved in alcohol

and aldehyde metabolism.

We evaluated cohorts of patients with high or low body mass

index (BMI) and patients with either MASLD or MASH for differ-

ences inSPTBN1 orALDH2 expression and for single-nucleotide

polymorphisms (SNPs) in these genes. On the basis of those

findings, our animal model studies above, the known effects of

ALDH2 deficiency in humans, and the role of SPTBN1 in liver dis-

eases, we crossedAldh2�/�mice andSptbn1+/�mice to explore

the impact on MetS/MASLD/cancer development. Surprisingly,

Aldh2�/� and Aldh2�/�Sptbn1+/� (we refer to the latter as

ASKO) mice spontaneously develop characteristics of MetS

and MASLD or the more severe fibrotic condition MASH on a

normal chow diet. Transcriptomic, metabolomic, and lipidomic

analyses identified dramatic changes in liver metabolism,

including increased amounts of 4-hydroxynonenal (4-HNE), in

these mutant mice. We identified that abnormal accumulation

of reactive aldehydes aberrantly adducted with cleaved

2 Cell Reports 43, 114676, September 24, 2024

Article
ll

OPEN ACCESS



SPTBN1 fragments alters normal TGF-b signaling, promoting

injury and lipogenesis that ultimately manifests in MetS and can-

cer. Strikingly, when we targeted Sptbn1, both small interfering

RNA (siRNA)-mediated knockdown and genetic liver-specific

knockout blocked interactions between reactive aldehydes

and SPTBN1, significantly inhibiting MASH fibrosis, lipid accu-

mulation, tissue damage, and cancer in the liver. Thus,

SPTBN1 may represent a non-enzymatic target for treating

MetS, MASH, and HCC.

RESULTS

Polymorphisms in human SPTBN1 and ALDH2 are
associated with human obesity and fatty liver diseases
Genetic variants in ALDH2 alter ALDH2 function and contribute

to MASH and alcohol sensitivity.14,16 A prominent point mutation

in SPTBN1 is associated with HCC.46 Therefore, we evaluated

for differences in SPTBN1 or ALDH2 expression levels in individ-

uals with steatosis or MASH or those who were obese but other-

wise healthy. Patients with MASH, obesity, type 2 diabetes, and

type 2 diabetes with HCC had higher levels of liver SPTBN1

(Figures 1A, 1B, and S1A–S1C; p < 0.05). ALDH2 mRNA abun-

dance was not significantly different among these comparisons,

although we note a greater variation among MASH patients

(Figures 1A, 1B, S1A, and S1B).

Next, we explored ALDH2 and SPTBN1 loci for SNPs signifi-

cantly associated (p < 0.001) with obesity, defined as BMI R30

(Table S1), or in patients with fatty liver diseases, including

bothMASLD andMASH (Table S2). Among the 3,115 individuals,

we identified a total of 52 SNPs in these loci, including seven in

the ALDH2 locus and 45 in the SPTBN1 locus, and 22 of them

reached the significance threshold of 0.05 (Table S3). We evalu-

ated the frequency of SNPs in 613 individuals with a BMI R30

compared with 558 with a normal weight (BMI <25) (Table S1).

We identified a single SNP in the ALDH2 locus (rs968529) and

a single SNP in the SPTBN1 locus (rs2941583) with significant

associations (adjusted p value of 0.00096154 [0.05/52]) (Fig-

ure S1D; p < 0.001) (Table S3).

To assess the potential effects of these SNPs, we performed

expression quantitative trait loci analyses using data from

GTEx (genotype-tissue expression program). The result indi-

cated that these variants could influence ALDH2 or SPTBN1

gene expression in a tissue-specific manner (Table S4). While

SNPs reaching the p < 0.001 significance threshold were not

identified in the 210 patients with fatty liver disease (Tables S2

and S3), using the non-adjusted p value of less than 0.05 two

SNPs in the SPTBN1 locus (rs7599241 and rs17046097) were

associated with high BMI and fatty liver diseases (Figure S1E).

The SNPs are present in intronic sequences of the ALDH2 and

SPTBN1 genes and in genomic regions that encode multiple

products.

Heterozygous loss of Sptbn1 promotes development of
MetS, MASLD, and MASH in mice with Aldh2 deficiency
on a normal diet
To explore the impact of Sptbn1 deficiency onMetS andMASLD

development in Aldh2-deficient mice, we intercrossed Aldh2�/�

mice with Sptbn1+/� mice to generate Aldh2�/�Sptbn1+/�

(ASKO) mice. Genotypes of mice were confirmed by western

blot (Figure S2A). ASKO mice were viable and fertile.

From 3 to 4 months of age, body weights of ASKO mice devi-

ated from single mutant (Aldh2�/� or Sptbn1+/�) and WT mice,

and at 12 months by 29.2% (Figure 1C; p < 0.05). ASKO mice

had significantly elevated visceral fat (epididymal white adipose

tissue [eWAT]) accumulation (Figures 1D and S2B) on a normal

chow (NC) diet. To gain deeper insights into body weight gain,

we performed whole-body computed tomography (CT). We

found that ASKO mice on the NC diet showed a trend toward a

greater fat volume (31.57% ± 2.81% vs. 18.97% ± 2.93%) and

less lean tissue volume (47.73% ± 1.45% vs. 56.13% ± 3.03%)

than WT mice (Figures 1E and 1F). Moreover, we found that

ASKO mice fed a Western diet (WD) showed a significant in-

crease in fat volume (36.13% ± 2.02% vs. 16.6% ± 0.54%,

p < 0.05) and decreased lean tissue volume (45.89% ± 1.71%

vs. 57.8% ± 1.29%, p < 0.05) than WT mice fed WD

(Figures S2C and S2D). These results suggest that increased

adiposity is a key contributor to body weight. Increased

adiposity is accompanied by abnormalities in glucose meta-

bolism in ASKO mice. At 11 months of age, the serum glucose

level of ASKO mice (289.4 ± 25.7 mg/dL) was 1.5-fold higher

than that of WT mice (191.6 ± 7.8 mg/dL, p < 0.05) but not signif-

icantly different from those of single mutant mice (Aldh2�/� or

Sptbn1+/�) (Figure 1G). Glucose tolerance tests (GTTs) showed

impaired glucose elimination in both Aldh2�/� and ASKO mice

(Figure 1G). Accompanied with impaired glucose elimination,

ASKO mice had significantly higher blood insulin concentrations

than WT mice. Similarly, insulin tolerance tests (ITTs) indicated

that ASKOmice displayed 24%–45% (Figure 1G; p < 0.05) higher

blood glucose levels than those of WT and single mutant mice,

suggesting increased insulin resistance in ASKO mice (Fig-

ure 1G). Further, we measured WAT lipolysis in WT, Sptbn1+/�,
Aldh2�/�, and ASKO mice. We observed increased ex vivo lipol-

ysis (fatty acids and glycerol release) in eWAT/inguinal WAT of

ASKOmice compared toWT,Sptbn1+/�, and Aldh2�/�mice (Fig-

ure S2E), suggesting that functional changes in eWAT may

contribute to the development of MetS in ASKO mice. To under-

stand the tissue specificity of insulin resistance, we analyzed p-

Akt, a major node downstream of insulin signaling in liver, adi-

pose, and muscle tissues. Our results showed decreased levels

of p-Akt in the liver, adipose, and muscle tissues of ASKO mice,

indicating that insulin resistance is not limited to the liver tissue

only (Figure S2F). Interestingly, we observed ASKO mice

develop a loss of muscle mass (sarcopenia) similar to that in pa-

tients with MASH. This is accompanied by elevated levels of my-

ostatin, a TGF-b superfamily member expressed primarily in

skeletal muscle, which inhibits muscle growth and causes sarco-

penia in cirrhosis. These effects aremitigated in the liver-specific

knockout of SPTBN1 (Sptbn1LSKO). Conversely, myostatin

expression is diminished in Sptbn1LSKO tissues, reflecting the

complexities in tissue-specific effects.47

In addition, we found that ASKO mice had higher serum tri-

glyceride (TG) levels (p < 0.05), liver weight (p < 0.01), and serum

alanine transaminase (ALT) levels than those in WT and single

mutant mice (Figure 1H), suggesting increased severity of liver

damage in ASKO mice. Histology showed an abnormal liver ar-

chitecture with possible ballooning, increased microvesicular
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Figure 1. SPTBN1 alterations are associated

with obesity and MASH in human patients, and

ASKO (Aldh2�/�Sptbn1+/�) mice develop MetS,

MASLD, and MASH on a normal diet

(A) Relative mRNA abundance of SPTBN1 is increased

compared to ALDH2 in liver tissue samples from pa-

tients with MASH (n = 17) compared to liver tissue

samples from healthy obese individuals (n = 25) or

patients with simple steatosis (n = 14) fromGSE48452.

Data are presented as mean ± SEM. *p < 0.05,

***p < 0.001.

(B) Relative mRNA abundance of SPTBN1 is increased

compared to ALDH2 in liver tissue samples from pa-

tients with MASH (n = 19) compared to liver tissue

samples from simple steatosis (n = 19) from

GSE89632. Data are presented as mean ± SEM.

**p < 0.01.

(C) Body weight of the four genotypes was

measured from 3 to 12 months of age. Statistically

significant differences in body weight were deter-

mined by one-way ANOVA with Bonferroni’s multi-

ple comparisons test comparing the averaged body

weight of each mutant over time to the WT (n = 4–9).

Data are presented as mean ± SEM. *p < 0.05.

(D) Epididymal white adipose (eWAT) tissue weight

of the indicated mice genotypes at 44–48 weeks old.

Data are presented as mean ± SEM. Significant

differences in eWAT weight were determined by

pairwise t tests (n = 7–10 mice/genotype).

**p < 0.01.

(E) Lean tissue volume and fat volume were

measured by whole-body CT scan of each genotype

on normal diet. Representative cross-sectional im-

ages (at L5) of each genotype are shown. Light blue

(arrowheads) indicates lean tissue, and dark blue

(arrows) indicates fat tissue.

(F) Graph showing the percentage of fat volume,

lean tissue volume, and lean tissue/fat ratio (n = 2

mice/genotype). Data are presented as

mean ± SEM.

(G) Basal blood glucose level, basal blood insulin

level, and blood glucose levels during GTT and ITT

of 44- to 48-week-old mice. Statistical differences in

blood glucose (n = 7–9 mice/genotype) and insulin

(n = 5–8 mice/genotype) levels were determined by

pairwise t tests. Different values at each time point

in GTT (n = 5–6 mice/genotype) and ITT (n = 3–5

mice/genotype) studies were determined by one-

way ANOVA with Bonferroni’s multiple comparisons

test. Data are presented as mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001.

(H) Serum TG levels (n = 8–11 mice/genotype), liver

weight (n = 5–8 mice/genotype), and circulating ALT

(n = 4–6 mice/genotype) levels in 44- to 48-week-old

mice are presented as mean ± SEM. Pairwise t tests

determined statistical differences. *p < 0.05,

**p < 0.01.

(I) Representative histology images with hematoxylin

and eosin (H&E) staining, Oil Red O staining, Sirius

red staining, and electron microscopy (EM) images

of the liver of 44-week-old WT, Sptbn1+/�, Aldh2�/�,
and ASKO mice. H&E-stained images (top panels)

show micro- and macrovesicular lipids (black ar-

rows) and inflammation (yellow arrows). Second

row: Oil Red O-stained images showing fat droplets

(black arrowheads). Third row: Sirius red-stained

images showing fibrosis (open arrowheads). Red

(legend continued on next page)
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and macrovesicular lipid droplet accumulation within hepato-

cytes, and fibrosis in ASKOmice (Figures 1I and 1J). Collectively,

these results indicated that ASKO mice spontaneously develop

phenotypes resembling MetS and MASLD/MASH on NC diet

compared to the single mutants and WT mice.

Transcriptional regulation of lipid metabolism is altered
in the livers of Aldh2�/� and ASKO mice
To understand the mechanisms for the differences in liver meta-

bolism in ASKO mice, we performed bioinformatics analysis of

RNA-sequencing (RNA-seq) data using Ingenuity ‘‘Upstream

Regulator’’ in Ingenuity Pathway Analysis (IPA). RNA-seq

profiling uncovered that expression of genes associated with

liver diseases was enriched in livers from ASKO mice compared

to those from WT mice (Figure S3A). For IPA, we included only

those regulators with Z scores of more than 2 or less than �2

when transcriptional profiles of livers from Aldh2�/� or ASKO

mice were compared to those from WT mice (Figure S3B). We

further evaluated expression of a selected set of genes involved

in either fatty acidmetabolism or de novo lipogenesis in the livers

of mice of the four genotypes. For genes encoding proteins

involved in fatty acid metabolism, CIDEC is induced by insulin,

SREBP1c, and PPARg, G0S2 by PPARa, and CD36 by PPARg.

For genes encoding proteins involved in de novo fatty acid syn-

thesis, FASN, SCD1, and ACC1 are induced by ChREBP,

SREBP1c, and PPARg.48 Compared to the livers of WT mice,

all six genes exhibited increased transcript abundance in the

livers of ASKO mice (Figures S3C–S3F). Of the above, we

confirmed upregulation of CD36, G0S2, and CIDEC by RT-

PCR and single-nucleus RNA-seq (snRNA-seq) analysis

(Figures S3G and S3H).

Metabolic changes in Aldh2�/� and ASKO mice on a
normal diet
The results described above led us to characterize liver meta-

bolism in these mice further. By comparing metabolites and

lipids in the livers (Table 1), we found that the Aldh2�/� mice

had altered activity of pathways associated with fatty acid meta-

bolism and de novo fatty acid synthesis compared to WT mice.

Consistent with the more complex phenotype of the ASKO

mice than the Aldh2�/� mice, many more metabolic systems

were affected in ASKOmice than in the Aldh2�/� mice, including

those associated with amino acid metabolism, carbohydrate

metabolism, and stress or inflammation.

Because phospholipids are often modified by reactive alde-

hydes that accumulate in the absence of ALDH2, we analyzed

abundances of various phospholipids. Here again, livers of

ASKOmicehad substantially higher levels of all investigatedphos-

pholipids, includingR2-fold increase in 26%of phosphatidyletha-

nolamine (PE) lipid typesandR2-fold increase in32%ofphospha-

tidylserine (PS) lipid types, compared to livers of WT mice

(Figures S4A–S4F). PE and PS lipid types are lipid targets of

4-HNE.49Wealsodetected increasedabundancesofTGanddiac-

ylglyceride (DG) lipid types in the livers of ASKOmice (Figures S5A

and S5B). These increases in phospholipids indicated altered lipid

metabolismand oxidative stress in livers of ASKOmice. Reflective

of metabolites related to aldehyde in ALDH2 deficiency, we de-

tected raised levels of four aldehydes in Aldh2�/� liver tissues,

with a greater and more significant increase in ASKO mice

compared to WT mouse livers (Figure S5C; p < 0.01).

Targeting SPTBN1 blocks metabolic and fatty liver
disease caused by ALDH2 deficiency
Our results show that global Sptbn1+/� exacerbated liver pheno-

types of global Aldh2�/�, and a previous study showed that

alcohol increased malondialdehyde in liver tissues of Sptbn1+/�

mice.37 Earlier, we found increased expression of SPTBN1 in sin-

gle-cell RNA-seq analyses of human MASH/HCCs.45 Moreover,

siRNA targeting of SPTBN1 is an effective treatment for diet-

induced MASH and limits the severity of chemically induced

HCC.45 Therefore, we explored the therapeutic effect of

siRNA-mediated knockdown of SPTBN1 in Aldh2�/� mice. Us-

ing hydrodynamic tail-vein injection, we administered siRNA tar-

geting SPTBN1 or a control siRNA into 10-month-old Aldh2�/�

and ASKO mice fed on an NC diet. We confirmed that siSptbn1

treatment via hydrodynamic tail-vein injection specifically

decreased liver SPTBN1 levels, but not in other tissues

(Figures S6A and S6B).

We analyzed liver phenotypes andmetabolic phenotypes at the

end of a 7-week siRNA treatment with four injections of either con-

trol siRNA or siSptbn1 (Figure 2A). Liver phenotypes were signifi-

cantly improved in the Aldh2�/� and ASKO mice treated with

siSptbn1, liver architecture was restored, and lipid accumulation

was reduced (Figures 2B and 2C). Circulating TGs in the

Aldh2�/� mice were also significantly reduced after siSptbn1

treatment (Figure 2D; p < 0.05). However, treatment with siSptbn1

did not significantly affect liver weight and circulating ALT levels in

Aldh2�/� mice (Figure 2D). Although siSptbn1 treatment did not

significantly affect the body weight of Aldh2�/� mice, it signifi-

cantly reduced fat weight (Figure 2D) and improved fibrosis

(Figures S6C and S6D). Although blood glucose concentrations

ofAldh2�/�micewere not significantly affected by siSptbn1 treat-

ment, improved responses to GTT (Figure 2E, p < 0.05) and

increased insulin sensitivity in an ITT (Figure S6E, p < 0.01) were

observed after siSptbn1 treatment. MASH is associated with the

activation of hepatic stellate cells,50 which produce a-smooth

muscle actin (a-SMA) and secrete collagen. We found that

siSPTBN1 (25 nM) treatment of this human three-dimensional

(3D)-culture MASH model reduced the amount of staining for

a-SMA and collagen type I, indicators of inflammation-induced

fibrosis associated with MASH (Figures 2F and 2G). Similarly,

siSPTBN1 dose-dependently decreased the expression of genes

involved in inflammation and fibrosis in a human 3D-cultureMASH

model45 (Figures 2H and S6F).

Next, we intercrossed Aldh2�/� mice with liver-specific bII-

spectrin conditional knockout mice (Sptbn1LSKO) to generate

arrows in EM showing areas of collagen deposition. H&E and Sirius red staining were performed on formalin-fixed paraffin-embedded (FFPE) sections, and

Oil Red O staining was performed on frozen sections. Scale bars represent 50 mm for H&E, 20 mm for Oil Red O, 20 mm for Sirius red, and 500 mm for EM.

(J) Quantification of lipid droplet area and Sirius red staining area in WT, Sptbn1+/�, Aldh2�/�, and ASKO mice (n = 3–5). *p < 0.05, **p < 0.01.

See also Figures S1 and S2.
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Aldh2�/�Sptbn1LSKO mice. We observed a significant improve-

ment in liver architecture and decreased microvesicular and

macrovesicular lipid droplet accumulation within hepatocytes

and decreased Sirius red staining in the liver of Aldh2�/�

Sptbn1LSKO mice compared to Aldh2�/� mice on a WD

(Figures 2I–2K, S6G, and S6H). Aldh2�/�Sptbn1LSKO mice dis-

played significantly decreased concentration of blood glucose

and improved glucose handling, as shown by GTT (Figure 2K).

Our ex vivo lipolysis analysis showed a significant decrease in

fatty acid and glycerol release in eWAT originating from

Aldh2�/�Sptbn1LSKO mice compared to Aldh2�/� mice (Fig-

ure S2E). Water intake was increased in Aldh2�/� mice receiving

siSptbn1, but food intake and urine output were not significantly

affected (Figure S6I).

Without ALDH2, reactive aldehyde 4-HNE accumulates
in the liver, modifying and cleaving SPTBN1, forming
toxic adducts with cleaved SPTBN1 fragments
Aldh2�/� and ASKO mice had increased linolenic acid ethyl

ester, a precursor of 4-HNE,51 in the liver (Figure S5C). We there-

fore investigated whether 4-HNE increased in mice deficient in

ALDH2 and whether modification of SPTBN1 by 4-HNE contrib-

uted to increased lipid accumulation in the livers of these mice.

We observed increased 4-HNE levels in fixed liver sections

from Aldh2�/� and ASKO mice, especially in the nucleus

(Figures 3A and 3B), which result from proteins modified by

4-HNE. Liver tissue fractionation analysis also indicated that

ASKO mice have higher 4-HNE adducts in the nucleus (Fig-

ure 3C). We quantified both free 4-HNE and 4-HNE-modified

proteins in liver tissues. We found significantly reduced amounts

of free 4-HNE in ASKO mouse livers (Figure 3D; p < 0.001) and

slightly increased mean concentration of 4-HNE-modified pro-

teins compared to WT mouse livers (Figure 3D). These results

indicated that the increased 4-HNE labeling corresponded to

an increase in 4-HNE modification of proteins. Knocking down

Aldh2 in HepG2/Huh7 cells increased 4-HNE-protein adducts

in a dose-dependent manner, similar to exposing the cells to

4-HNE (Figures 3E, S7A, and S7B).

4-HNE induces SPTBN1 cleavage in a time-dependent

manner, with the highest cleavage observed at 5 h after

Table 1. Significantly different pathways identified by metabolomic or lipidomic analysis of livers of Aldh2�/� and ASKO mice

Aldh2�/� vs. WT ASKO vs. Aldh2�/�

Metabolomics d fatty acid activation

d pyrimidine metabolism

d de novo fatty acid synthesis

d phosphatidylinositol phosphate metabolism

d vitamin D3 metabolism

d C21-steroid hormone biosynthesis and metabolism

d prostaglandin formation from arachidonate

d limonene and pinene degradation

d fatty acid oxidation, peroxisome

d amino sugars metabolism

d glycolysis and gluconeogenesis

d methionine, cysteine, tyrosine, purine metabolism

d glutathione metabolism

d putative anti-inflammatory metabolites

d aspartate and asparagine metabolism

d glycosphingolipid biosynthesis

d trihydroxycoprostanoyl-CoA b-oxidation

d nitrogen metabolism

d b-alanine metabolism

d pentose phosphate pathway

d pentose and glucuronate Interconversions

d vitamin B1 metabolism

d vitamin C and aldarate metabolism

d vitamin D metabolism

d chondroitin sulfate degradation

d glyoxylate and dicarboxylate metabolism

d D4- and E4-neuroprostane formation

Lipidomics d omega-6 fatty acid metabolism

d tryptophan metabolism

d C21-steroid hormone biosynthesis and metabolism

d glycolysis and gluconeogenesis

d pentose phosphate pathway

d purine metabolism

d pyrimidine metabolism

d fructose and mannose metabolism

d vitamin C and aldarate metabolism

d carbon fixation

d methionine and cysteine metabolism

d selenoamino acid metabolism

d vitamin B1, B3, and B9 metabolism

d tryptophan, tyrosine, arginine, and proline metabolism

d glutathione metabolism

d valine, leucine, and isoleucine degradation

d nitrogen metabolism

d aspartate, asparagine, and b-alanine metabolism

d butanoate metabolism

Only those pathways that were significantly altered (p value <0.05) are included.
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treatment (Figure 3F). 4-HNE-induced SPTBN1 cleavage is

similar to the effects of palmitic acid (PA) treatment in Huh7 cells

(Figures S7C). PA treatment in vitro is used to mimic stress con-

ditions like lipid accumulation.45 Further, PA treatment in siAldh2

cells significantly increases SPTBN1 cleavage and activates

nSREBP1 through caspase-3 (Figure S7C). To determine

whether 4-HNE modified SPTBN1, we exposed HepG2 cells to

4-HNE and monitored 4-HNE modification of SPTBN1 by immu-

noprecipitating SPTBN1 and blotting for 4-HNE. We detected a

band recognized by the antibody against 4-HNE that corre-

sponded to full-length SPTBN1 and a smaller band that likely

represented a stress-induced SPTNB1 cleavage product,

N-SPTBN1 (N-terminal fragment of SPTBN1) (Figures 3G and

S7D). To confirm that the smaller fragment matched the frag-

ment generated by caspase-3 cleavage was modified by

4-HNE, we transfected a plasmid expressing either a V5-tagged

N-SPTBN1 or a V5-tagged C-terminal fragment of SPTBN1 (C-

SPTBN1) into Huh7 and HepG2 cells and found that only the

N-SPTBN1 fragment was modified by 4-HNE (Figures 3H and

S7E). Thus, these data showed that 4-HNE that accumulated

in the livers of ALDH2-deficient mice modified cleaved SPTBN1.

Utilizing AlphaFold-based modeling (AlphaFold ID: Q01082),

we examined the 3D structure of SPTBN1, spanning three

SPTBN1 fragments (50–975, 1,132–2,155, and 2,198–2,364

amino acids), and 4-HNE (PubChem CID: 5283344), then per-

formed structure-based molecular docking simulations. We

found that Gln531, Phe534/594, Cys604, Cys1284, His1257,

Lys1259, and Cys2264 are potential/likely targets for HNE reac-

tivity (Figures 3I and S7F). Next, through mass spectrometry

(MS) analysis, we confirmed that Cys1284 is modified, support-

ing the model’s validity. We also found that other SPTBN1 resi-

dues were modified, indicating that the 4-HNE adduct may be

even more pervasive than indicated by AlphaFold. Therefore,

Cys1284 and Cys1389 were covalently modified by Michael

addition and Schiff base addition in 4-HNE-treated cells

(Figures 3J and S7G). Adducted N-SPTBN1 was distributed in

the cytoplasm and the nucleus, with a higher proportion in the

nucleus (Figure 3J).

Modifying cleaved SPTBN1 by 4-HNE alters TGF-b
signaling, leading to abnormal pro-fibrogenic and pro-
oncogenic signaling
4-HNE did not affect SPTBN1 levels but did promote SPTBN1

cleavage (Figure 3F). Because SPTBN1 is a crucial SMAD3

adaptor, we hypothesized that 4-HNE modification of SPTBN1

generating SPTBN1 fragments that formed toxic adducts with

4-HNE could alter SMAD3/TGF-b signaling. We utilized siRNA

to knock down Sptbn1 and Aldh2 in HepG2 and LX-2 cells and

then treated cells with 4-HNE. Confocal imaging showed that

Aldh2 silencing reduced the TGF-b treatment-induced SMAD3

nuclear translocation and signaling (Figures 4A, 4B, and S8A).

In contrast, Sptbn1 silencing blocked 4-HNE toxicity and

restored normal SMAD3 localization and signaling (Figures 4A

and 4B). By western blot, we confirmed decreased p-SMAD3

expression under ALDH2 knockdown condition and restoration

of p-SMAD3 expression upon siRNA targeting SPTBN1

(Figures 4C and S8B). RNA-seq data indicated pro-fibrotic and

potentially oncogenic TGF-b signaling in ASKO mice, with

increased CDK4 and CCL9 expression52 (Figure 4D), whereas,

Figure 2. Targeting SPTBN1 improves liver and metabolic phenotypes of Aldh2�/�, ASKO mice, and human 3D cultures

(A) Diagram of the siRNA treatment protocol. Aldh2�/� mice that developed obesity at 10 months old were administered siSptbn1 or control siRNA (siCtrl) at a

dose of 1.25 nmol/mouse. siRNA was hydrodynamically injected four times over 7 weeks.

(B) Liver histology of control WTmice not injected with any siRNA (left panel) and Aldh2�/� and ASKOmice receiving the indicated siRNA treatments (middle and

right panels). Increased microvesicular lipid, macrovesicular lipid (black arrows), and inflammation (yellow arrows) are observed in H&E-stained liver tissues from

Aldh2�/� and ASKO mice treated with siCtrl (top panels). Oil Red O-stained images show a high amount of fat droplets (black arrowheads) from siCtrl treated

ASKO mice liver tissues compared to siSPTBN1 mouse tissues (bottom panels). Scale bars, 20 mm.

(C) Quantification results of lipid droplet area of each condition (n = 3–5). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.

(D) Graphs showing changes in liver weight, serum ALT levels, and serum TG levels in Aldh2�/� mice receiving the indicated siRNAs (n = 3–5 mice/group) as well

as changes in body weight and fat weight of Aldh2�/� mice receiving the indicated siRNAs (n = 4–5 mice/group). Pairwise t tests determined statistical differ-

ences. Data are presented as mean ± SEM. *p < 0.05.

(E) Glucose handling in Aldh2�/�mice receiving the indicated siRNAs. Blood glucose levels and results of GTT are shown. Statistical differences in blood glucose

were determined by pairwise t tests (n = 4–5 mice/group) and by pairwise t tests for each time point in GTT values (n = 3 mice/group). Data are presented as

mean ± SEM. *p < 0.05.

(F) Representative images showing expressions of a-SMA and collagen type I, indicators of stellate cell activation, in human 3DMASH cultures exposed to siCtrl

or siSPTBN1 for 96 h. Antibody recognizing a-SMA (red) or collagen (green) and nuclei were stained with Hoechst (blue).

(G) Intensities of collagen type I and a-SMA normalized to the Hoechst intensity and presented as mean intensity ± SEM (n = 112–168 data points from eight

sections of the culture). Statistically significant differences were determined by pairwise t tests. *p < 0.05, **p < 0.01.

(H) Heatmap of the log-fold differences in transcripts associated with inflammation or fibrosis in human 3D MASH cultures exposed to siRNA targeting SPTBN1

compared to those exposed to control siRNA. Results for two concentrations of siSPTBN1 are shown. Triplicate cultures were exposed to the siRNAs for 96 h.

(I) Diagram of the Western diet treatment protocol in Aldh2�/� control mice and Aldh2�/�Sptbn1LSKO mice.

(J) Liver histology of Aldh2�/� control mice and Aldh2�/�Sptbn1LSKO mice receiving the Western diet (WD) treatment. Left: microvesicular lipid, macrovesicular

lipid (black arrows), and inflammation (yellow arrows) are indicated on the H&E-stained images (top panels). Oil Red O-stained images showing fat droplets (black

arrowheads) from WD-fed Aldh2�/� and Aldh2�/�Sptbn1LSKO mouse tissues (bottom panels). Scale bars represent 100 mm for H&E and 50 mm for Oil Red O.

Right: quantification of lipid droplet and Sirius red staining of each genotype (n = 3–4). *p < 0.05. Quantification results of lipid droplet area in Aldh2�/� and

Aldh2�/�Sptbn1LSKO mice (n = 3–4). Data are presented as mean ± SEM. *p < 0.05.

(K) Aldh2�/�Sptbn1LSKO mice show significantly better glucose handling compared to Aldh2�/� mice. The graphs show liver weight, serum TG, body weight, fat

weight, and glucose handling in Aldh2�/� control mice and Aldh2�/�Sptbn1LSKO mice. Statistical differences were determined by pairwise t tests (n = 5–7 mice/

group). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.

See also Figure S6.
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mouse liver-specific knockout of Sptbn1 reversed oncogenic

TGF-b signaling (Figure 4D).

To further explore whether ASKO mice with phenotypes

resembling MetS and MASLD/MASH are more susceptible to

HCC development, we used a chemically induced HCC mouse

model using diethylnitrosamine (DEN) plus WD feeding (Fig-

ure 5A). We evaluated liver tumor development within 10 months

and found that single injection of DEN plusWD feeding induced a

significantly greater frequency of liver tumors in Aldh2�/� mice

and ASKO mice (Figure 5B). Compared to WT mice, ASKO

mice demonstrated an increase in body weight and liver weight,

and higher visibility of tumor nodules (Figures 5C–5E). In

contrast, blocking SPTBN1 in Aldh2�/� mice (Aldh2�/�

Sptbn1LSKO) developed smaller and fewer tumors.

We also examined liver tissues for markers of immune cell

types regulated by TGF-b, such as F4/80, CD4, FoxP3, and

CD11b.53 Using immunofluorescent staining, we observed

markedly increased CD11b+ monocyte infiltrations in ASKO liver

tissues compared to WT mice (Figures S9A and S9B). These

data indicated that ASKO mouse liver tissues recruited more

monocytes to promote MASH progression. Together, these

studies demonstrated that under conditions of reduced

ALDH2, toxic reactive aldehydes accumulate and partner with

cleaved SPTBN1 fragments, resulting in a toxic alteration of

TGF-b signaling and promoting a fibrogenic and oncogenic

phenotype that is restored to normal by complete inhibition of

SPTBN1. This is depicted in a model that we propose (Figure 6).

DISCUSSION

Genetic variations in ALDH2 and SPTBN1 are associated with

health issues in the human population. Function-compromising

variants in ALDH2 among individuals are associated with

increased risk for multiple disorders and alcohol-associated

cancers.54,55 SPTBN1 haploinsufficiency is associated with neu-

rodevelopmental syndromes,56 and a specific point mutation in

SPTBN1 is associated with HCC.46 By evaluating SNPs in obese

or healthy-weight individuals, we have identified an intronic SNP

(rs968529) in ALDH2 associated with obesity. Our SNP analysis

also identifies a significant association between an intronic

SPTBN1 variant (rs2941583) and obesity. Although the threshold

for significance was low, we also identified a pair of SNPs in

SPTBN1 (rs7599241 and rs17046097) that are present in both

the obese group and patients with either MASLD or MASH.

These SNPs are in intronic regions and present in regions of

the genetic loci that encode multiple products. Thus, the impact

of these variants on ALDH2 or SPTBN1 function or abundance in

the liver remains to be investigated. However, expression anal-

ysis indicated that the ALDH2 SNP rs968529 and the SPTBN1

SNP rs2941483 could affect tissue-specific gene expression.

Additionally, the SPTNB1 SNP rs2941483 is associated with

RAD21, a protein part of themultifunctional chromatin-regulating

cohesin complex.57 Furthermore, the SPTBN1 SNP rs7599241 is

also associated with hypertension in a Korean cohort.58 Given

the clinical associations among obesity, hypertension, MASLD,

andMASH,10,59 the SPTBN1 SNP rs7599241 could play a signif-

icant role in these diseases.

The activity of ALDH2 is lost in our Aldh2�/�mousemodel on a

normal diet, resulting in an abnormal accumulation of reactive al-

dehydes that aberrantly partner with cleaved fragments of the

SMAD3/4 adaptor SPTBN1, disrupting normal SPTBN1-

SMAD3 signaling. Our mechanistic investigation demonstrates

an alteration of the normal functioning of this SMAD3/4-

SPTBN1 complex by the 4-HNE-SPTBN1 adducts, altering

TGF-b signaling, thereby promoting injury and lipogenesis that

ultimately manifests as MetS and cancer (Figure 6). In this sce-

nario, the key challenge to treat these diseases is to efficiently

target well-defined molecules in a non-toxic and safe way. Strik-

ingly, targeting SPTBN1 in mouse models of obesity and MASH

blocked interactions between reactive aldehydes and SREBP1,

Figure 3. SPTBN1 is modified by 4-HNE

(A) Representative image of 4-HNE immunohistochemistry in the liver tissue from 44–48-week-old WT, Sptbn1+/�, Aldh2�/�, and ASKO mice, respectively.

Increased 4-HNE adducts are observed in ASKO mice compared to WT. Cytoplasmic staining is indicated by arrows, while nuclear staining is denoted by the

arrowhead. Staining was performed on FFPE tissue sections. Scale bars, 20 mm.

(B) Quantification of cytoplasmic and nuclear HNE adducts inWT, Sptbn1+/�,Aldh2�/�, and ASKOmice, respectively (n = 2). Data are presented asmean ± SEM.

*p < 0.05, **p < 0.01.

(C) Western blot analysis of cytoplasmic and nuclear HNE adducts in WT and ASKO mice.

(D) Quantification of free (left) and protein-bound (right) 4-HNE in liver tissue of WT and ASKO mice (44–48 weeks old). Statistically significant differences were

determined by pairwise t test (n = 4–5/group). Data are presented as mean ± SEM. ***p < 0.001.

(E) siRNA-mediated silencing of Aldh2 increases 4-HNE protein adducts. Lysates from HepG2 cells exposed to either control siRNA (siCtrl) or siRNA targeting

ALDH2 (siAldh2 0, 1, 5, and 20 nM) were immunoblotted with an antibody recognizing 4-HNE.

(F) Western blot analysis of SPTBN1 cleavage at different time points after HNE treatment (20 mM, every hour adding 4-HNE) in HepG2 cells. The cleaved

N-SPTBN1 fragment is indicated on the right.

(G) Detection of 4-HNE-SPTBN1 adduct through immunoprecipitation analysis. LX-2 were treated with 4-HNE (40 mM) for 3 h. Immunoblot (IB): full-length

SPTBN1 and the N-terminal fragment (N-SPTBN1) are indicated. Negative control: siSptbn1 treatment group; SPTBN1 IP, SPTBN1 immunoprecipitation.

(H) Detection of 4-HNE onN-SPTBN1 adducts in Huh7 cells expressing either V5-taggedN-SPTBN1 or C-SPTBN1 upon exposure to 20 mM4-HNE for 4 h. IgG IP,

immunoglobin G immunoprecipitation (negative control); IP: V5, immunoprecipitation with antibody recognizing V5; IB, immunoblot. N-SPTBN1 is indicated, and

asterisks indicate non-specific bands.

(I) Identification of potential 4-HNE binding sites in SPTBN1 through molecular docking analysis. Cartoon representation showing hydrogen bonds and hy-

drophobic interactions formed between 4-HNE and SPTBN1 fragment (Q1132-T2155). Interacting amino acid residues in SPTBN1 are indicated by a 3-letter

code.

(J) Confirmation of the 4-HNE binding sites in spectrin via mass spectrometry analysis. 4-HNE-modified peptide containing Cys1389 and Cys1284 is indicated on

the top. Abundance of 4-HNE-modified peptides in nuclear and cytoplasmic fractions is depicted on the x axis.

See also Figure S7.
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without toxicities, and significantly halted progression of MASH

fibrosis, lipid accumulation, and tissue damage in the liver.

This treatment approach also caused normalization of the liver

immune phenotypes and cell types regulated by TGF-b, such

as CD4+, FoxP3+, CD11b+, and F4/80+ cells. Collectively, our

data indicate that SPTBN1 is a potential target for treating

MetS and MASLD and MASH associated with MetS. ASKO

mice exhibit characteristics of MetS, such as obesity, excess

visceral fat, poor glucose handling, andMASLDwith progression

to MASH. Our results suggest that ASKOmice represent power-

ful and useful models for studying these conditions.

Similar to previous studies of Aldh2�/� mice60 or Sptbn1+/�

mice,37 our metabolomic analyses show increased precursors

of reactive aldehydes in the livers of both genotypes of

ALDH2-deficient mice. Findings that SPTBN1 is modified by

4-HNE and that protein-associated 4-HNE is increased in the

livers of the mutant mice suggest an important mechanism for

MASH that developed in these mice. Previously, we have shown

that SPTBN1 is cleaved by caspase-3, and the N-terminal cleav-

age product stabilizes the active cleaved form of SREBP1.45

With molecular docking simulations, we predicted two sites

where 4-HNE could bind and potentially modify cleaved frag-

ments of SPTBN1. These studies were confirmed by MS ana-

lyses showing modifications of cleaved spectrin by 4-HNE.

Moreover, our studies indicate that 4-HNE modification and

such aldehyde modifications cleave and disrupt SPTBN1 func-

tion, particularly its role as a SMAD3 adaptor, with SPTBN1-4-

HNE toxic adducts altering TGF-b signaling, addressing an

important next step in their role as signaling agents.7 Here

also, SPTBN1 appears to serve as an integrator of stress signals

in hepatocytes. The data demonstrated that reducing the abun-

dance of SPTBN1 cleavage products has a beneficial effect by

Figure 4. 4-HNE alters TGF-b signaling to a pro-fibrotic and oncogenic phenotype

(A and B) Effects of 4-HNE on the SMAD3 nuclear translocation in LX-2 cells transfected with siCtrl or siAldh2 or siSptbn1 examined by confocal microscopy

imaging. White arrowheads indicate accumulation of SPTBN1and SMAD3 on the cell membrane. White arrows indicate SMAD3 nuclear localization. Scale bar,

20 mm.

(C)Western blot of the indicated proteins in HepG2 cells treatedwith indicated siRNA (sequentially silence ALDH2 and SPTBN1) and exposed to 4-HNE (20 mM) or

TGF-b (200 pM). Representative image of five repeated western blot experiments (top panel). Quantification of pSmad3 from five independent experiments

(bottom panel). Data are presented as mean ± SEM. *p < 0.05, ***p < 0.001.

(D) Heatmap shows fold changes in expressions of genes involved in the TGF-b signaling in liver tissues of Aldh2�/�, ASKO, and Sptbn1LSKO mice vs. WT mice

with significant difference by bulk RNA-seq.

See also Figure S8.

Figure 5. Aldh2�/� mice and ASKO mice injected with diethylnitrosamine (DEN) and on WD demonstrate severe liver injury

(A) Diagram of the experimental procedure of chemical (DEN) plus WD-induced HCC (top).

(B) Gross morphology of livers in WT, Sptbn1+/�, Aldh2�/�, and ASKO mice 10 months after DEN and WD. Inflammation (white arrows) sites are indicated.

(C and D) Graphs show different values of body weight and liver weight of WT, Sptbn1+/�, Aldh2�/�, and ASKO mice 10 months after DEN and WD. *p < 0.05.

(E) Number of visible liver nodules (<5mmandR5mm) in the liver tissues fromWT,Sptbn1+/�,Aldh2�/�, and ASKOmice 10months after DEN andWD. *p < 0.05,

**p < 0.01.
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limiting steatosis-inducing changes in lipid metabolism and

blocking fibrosis-inducing changes in hepatic stellate cells.

While treatment strategies based on the catalytic activity of en-

zymes such as ALDH2 are attractive and could potentially cor-

rect physiological functions, challenges such as lack of speci-

ficity, off-target events, and immune reactions against the

enzyme render these strategies elusive to date in clinical trials.

Collectively, our studies demonstrate that targeting SPTBN1 is

a potentially significant and important non-toxic approach to

achieving a beneficial response in patients with MetS or those

in early stages of MASH as well as in preventing cancer.

Limitations of the study
Our study demonstrates how the accumulation of aldehydes

produced by a WD disrupts TGF-b signaling, a major pathway

in disease and cancer. The mechanism implements toxic cleav-

age and adduct formation with the SMAD3 adaptor SPTBN1,

exacerbated by a functional deficiency of ALDH2. Significantly,

blocking SPTBN1 cleavage inhibits the development of fatty liver

disease and cancer. However, a limitation is that this study does

not address the systemic effects of the aldehydes. In addition,

nearly half a billion people have a functional deficiency of

ALDH2. While this deficiency is associated with liver disease

and cancer, the study does not address other effects that are

associated with ALDH2 deficiency. Because our study focused

onMASLD, MASH, and HCC, signals from the liver are also likely

involved in systemic functions in patients with these disorders.

Tissue specificity of insulin resistance and glucose handling, as

well as clinical studies, are aspects that require further investiga-

tion and are limitations of our study. The study is limited by an in-

depth mechanism of how the adducts alter normal SMAD3

signaling. While we determined immune cell types regulated by

TGF-b, such as F4/80, CD4, FoxP3, and CD11b, we did not

address the functional roles of these cells using extensivemouse

experiments, and these warrant further studies in the future.
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Figure 6. Schematic representation of how aldehydes modify SPTBN1 and disrupt normal SPTBN1/Smad3/TGF-b signaling in ALDH2

deficiency, causing fibrosis and disease

(Left) Normal regulation of lipid and energy homeostasis. Normal ALDH2 levels and intact transforming growth factor b (TGF-b)/Smad3/SPTBN1 signaling

suppress obesity, fibrosis, and cancer by directly targeting PAI-1, CTGF, c-Jun, CDK4, and others.

(Middle) Reduced activity of ALDH2 and haploid SPTBN1 (as in our ASKO mouse model on a normal diet) leads to an abnormal accumulation of reactive al-

dehydes that aberrantly partner with cleaved fragments of the SMAD3/4 adaptor SPTBN1, disrupting normal SPTBN1-SMAD3 signaling. Subsequent alterations

in the normal functioning SMAD3/4-SPTBN1 complex by the 4-HNE-SPTBN1 adducts alter TGF-b signaling, promoting injury, lipogenesis, and oncogenesis,

ultimately manifesting in metabolic syndrome and cancer.

(Right) Our proposed therapeutic targets, particularly targeting SPTBN1 in mouse models of obesity and metabolic dysfunction-associated steatohepatitis

(MASH), have significant potential. Our research has shown that this approach can effectively block SPTBN1 cleavage and interactions between reactive al-

dehydes, thereby significantly halting the progression of MASH fibrosis, lipid accumulation, and tissue damage in the liver.
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d Additional information required to reanalyze the data reported in this pa-

per is available from the lead contact upon request.
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H.F., Jeong, Y.S., Goltsov, A., Ohshiro, K., et al. (2016). TGF-b/b2-spec-

trin/CTCF-regulated tumor suppression in human stem cell disorder

Beckwith-Wiedemann syndrome. J. Clin. Invest. 126, 527–542. https://

doi.org/10.1172/jci80937.

42. Korkut, A., Zaidi, S., Kanchi, R.S., Rao, S., Gough, N.R., Schultz, A., Li, X.,

Lorenzi, P.L., Berger, A.C., Robertson, G., et al. (2018). A Pan-Cancer

Analysis Reveals High-Frequency Genetic Alterations in Mediators of

Signaling by the TGF-beta Superfamily. Cell Syst. 7, 422–437.e7.

https://doi.org/10.1016/j.cels.2018.08.010.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-4-HNE R&D Systems Cat# MAB3249; RRID: AB_664165

Anti-ALDH2 Proteintech Cat# 15310-1-AP; RRID: AB_2224185

Anti-VINCULIN Sigma-Aldrich Cat# V9131; RRID: AB_477629

Anti-SPTBN1 Chen et al.41 N/A

Anti-SMAD3 Cell Signaling Cat# 9523; RRID:AB_2193182

Anti-pSMAD3 Cell Signaling Cat# 9520; RRID:AB_2193207

Anti-V5 Invitrogen Cat# R96025; RRID: AB_2556564

Anti-GAPDH Cell Signaling Cat# 97166; RRID: AB_2756824

Anti-Collagen type I Rockland Cat# 600-401-103; RRID: AB_2074625

Anti-aSMA Abcam Cat# Ab7817; RRID: AB_262054

Anti-AKT Cell Signaling Cat# 4691; RRID:AB_915783

Anti-pAKT Cell Signaling Cat#4060; RRID:AB_2315049

Normal mouse IgG MilliporeSigmaTM Cat# NI03100UG; RRID: AB_490557

Normal rabbit IgG Cell Signaling Cat# 2729; RRID: AB_1031062

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Cat# 7074P2; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Cat# 7076P2; RRID: AB_330924

Bacterial and virus strains

DH5alpha Chemically Competent

Cells (High Efficiency)

NEB Cat# C2987H

Chemicals, peptides, and recombinant proteins

4-hydroxynonenal (HNE) Cayman Cat# 32100

Insulin solution Sigma-Aldrich Cat# I0516-5ML

Glucose solution Sigma-Aldrich Cat# G8769-100ML

TRI ReagentTM Solution Thermo Fisher Scientific Cat# AM9738

PowerUpTM SYBRTM Green Master Mix Applied Biosystem Cat# A25742

Nitrocellulose Blotting Membrane Bio-Rad Cat# 1620112

Protein A/G Mix Magnetic Beads MilliporeSigma Cat# LSKMAGAG02

LipofectamineTM RNAiMAX

Transfection Reagent

Thermo Fisher Scientific Cat# 13778075

LipofectamineTM LTX Reagent with

PLUSTM Reagent

Thermo Fisher Scientific Cat# 15338100

PhosSTOPTM EASYpack MilliporeSigma Cat# 4906837001

cOmpleteTM, Mini, EDTA-free Protease

Inhibitor Cocktail

MilliporeSigma Cat# 11836170001

TransIT�-QR hydrodynamic

delivery solution

Mirus MIR 5240

DMEM/F12 medium Corning Cat# 10-090-CV

DMEM, high glucose Thermo Fisher Scientific Cat# 11965092

Critical commercial assays

Aspartate Aminotransferase (AST) Activity

Colorimetric Assay Kit

Biovision Cat# K753

Alanine Aminotransferase (ALT) Activity

Colorimetric Assay Kit

Biovision Cat# K752

OxiSelectTM HNE Adduct

Competitive ELISA Kit

Cell Biolabs Cat# STA-838

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Insulin Mouse ELISA Kit Thermo Fisher Scientific Cat# EMINS

Free Fatty Acid Quantitation Kit Sigma-Aldrich Cat# MAK044

Glycerol Assay Kit abcam Cat# ab133130

TaqManTM Reverse Transcription Kit Applied Biosystem Cat# 43-665-96

VECTASTAIN� Elite ABC-HRP Kit, Peroxidase Vector Laboratories Cat# PK-6106

EnVision�+ Dual Link System-HRP (DAB+) Agilent Technologies Cat# K4065

RNeasy Plus Mini kit Qiagen Cat# 74134

Deposited data

Metabolomics and lipidomics data National Metabolomics Data

Repository (NMDR)

Metabolomics Workbench

Accession #: PR002095,

https://www.metabolomicsworkbench.org/

data/DRCCMetadata.php?Mode=

Project&ProjectID=PR002095.

DOI:https://doi.org/10.21228/M8TC1H

Mass spectrometry data ProteomeXchange Consortium PXD055145

Source data Mendeley data Mendeley: 10.17632/nrpm8ydybr.1

RNA-sequencing data GEO GSE273561

Experimental models: Cell lines

Huh7 ATCC Cat# HB-8065

HepG2 ATCC Cat# PTA-4583

LX-2 Human Hepatic Stellate Cell Line Sigma-Aldrich Cat# SCC064

Experimental models: Organisms/strains

Mouse: Sptbn1+/�:129SvEv X Black Swiss Chen et al.41

Mouse: Aldh2�/�: C57BL/6J Dr. Agata Smogorzewska

Oligonucleotides

Ambion in vivo pre-designed siRNA siRNA ID: s74306 Thermo Fisher Scientific Cat# 4457302

SilencerTM CyTM3-labeled Negative Control No. 1 siRNA Thermo Fisher Scientific Cat# AM4621

Ambion Silencer� Negative Control# 1 siRNA Thermo Fisher Scientific Cat# AM4611

ON-TARGETplus Mouse SPTBN1 siRNA Horizon Discovery Cat# L-043666-01-0005

ON-TARGETplus Human SPTBN1 siRNA Horizon Discovery Cat# L-018149-01-0005

ON-TARGETplus Non-targeting Control Pool Horizon Discovery Cat# D-001810-10-05

qPCR primers used in this study Table S5 N/A

Recombinant DNA

Plasmid: pcDNA3.1/V5-mouse SPTBN1 full length Rao et al.45

Plasmid: pcDNA3.1/V5-mouse NSPTBN1 (1-1455) Rao et al.45

Plasmid: pcDNA3.1/V5-mouse CSPTBN1 Rao et al.45

Plasmid: human pCMV3- ALDH2-FLAG Sino Biological Cat# HG12064-CF

Software and algorithms

R 4.2 R software foundation https://www.r-project.org/

DESeq2 (version 1.18.1) https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

GraphPad Prism GraphPad Sofware INC https://www.graphpad.com/

scientific-software/prism/

Other

Synergy H1 hybrid reader BioTek

CardioChek PA analyzer Pts Diagnostics

AimStrip� Plus Blood Glucose Meter Germaine Laboratories

NanoDrop 2000 Spectrophotometer Thermo Fisher Scientific Cat# ND-2000

CFX96 Real-Time PCR system Bio-Rad

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Husbandry, diets, and dietary intervention in mice
All animal experiments were performed according to the guidelines for the care and use of laboratory animals and were approved by

the Institutional Biomedical Research Ethics Committee of The George Washington University for Biomedical Research. Aldh2�/�

mice on C57BL/6J background obtained from Dr. Agata Smogorzewska at Rockefeller University were intercrossed with Sptbn1+/�

mice on a 129SvEv3 Black Swiss to generate double mutant Aldh2�/� Sptbn1+/� (ASKO). Sptbn1LSKO mice were generated as pre-

viously described.45 Aldh2�/�mice intercrossed with Sptbn1LSKO mice to generate Aldh2�/�Sptbn1LSKO mice. All mice were housed

under a standard light cycle (12 h light: 12 h dark) at 23–25�C and humidity (�50%).

For the Western diet (WD) induced liver steatosis and MASH model, 10-week-old male and female Aldh2�/� mice or Aldh2�/�

Sptbn1LSKO mice were fed a diet containing 42% kcal from fat (TD.88137) together with a high fructose-glucose solution (SW:

23.1 g/L D-fructose+18.9 g/L D-glucose) for 12 weeks. For DEN plus WDinduced MASH associated HCC, single dose of DEN

(25 mg/kg) was injected in 14–15-day old male and female mice. WD was started 8 weeks after the DEN injection and animals

received WD for a total of 10 months.

Patient samples for single-nucleotide polymorphism analysis
Patients with or without fatty liver diseases or high body mass index (BMI R30) (Tables S1 and S2) were from two case-control

studies, the Yale Liver Health Study (YLHS) and the National Cancer Institute/University of Maryland School of Medicine (NCI-

UMD) study.61 Both studies were approved by IRBs at all participating institutions and organizations. All patients provided informed

consent for the use of clinical or omics data and samples for research purposes.61

METHOD DETAILS

Cell lines
Human liver cancer cell lines, HepG2 and Huh7, were purchased from American Type Culture Collection (ATCC). All cells were

cultured in a complete culture medium, DMEM/F12 medium supplemented with 1% Streptomycin-Penicillin and 10% fetal bovine

serum (FBS). Human Hepatic Stellate Cell Line, LX-2, was purchased from Sigma-Aldrich. LX-2 cells were cultured DMEM high

glucose medium supplemented with 1% Streptomycin-Penicillin and 2% fetal bovine serum.

Single-nucleotide polymorphism determination and statistical analysis for association with obesity or liver disease
The ‘‘fatty liver diseases’’ group included patients withMASLD orMASH. Demographic data for the patients in the health groupswere

presented as numbers with percentages for categorical variables and as mean with standard deviation for continuous variables. Wil-

coxon rank-sum test was used for comparison of continuous variables. The chi-square test or Fisher exact test was used for cate-

gorical variables as appropriate. All statistical tests were two-sided, comparisons were made between two groups (fatty liver dis-

eases vs. control or high BMI R30 vs. low BMI <25). SNPs were defined using GRCh37/hg19 as the reference genome.

Associations between SNPs in SPTBN1 or ALDH2 and different health groups were based on an additive logistic regression model

with adjustment for age, sex, and race using PLINK 2.0 (http://www.cog-genomics.org/plink/2.0). Among the 52 SNPs identified, any

SNPwith a p value less than 0.05was included. Among the 22 SNPsmeeting the 0.05 threshold, significant associations with the high

BMI or fatty liver disease were defined using an adjusted p value less than 0.00096154 (0.05/52). Odds ratios (ORs) and 95% con-

fidence intervals were calculated using the additive logistic regression model. Expression quantitative trait loci (eQTL) analysis of the

SNPs was performed with GTEx V8 (https://www.gtexportal.org/home/), and chromatin- or DNA-binding proteins for SNPs were as-

sessed with RegulomeDB (https://regulomedb.org/regulome-search/).62

Hydrodynamic in vivo siRNA targeting
For in vivo hydrodynamic siRNA injection, siRNA targeting mouse Sptbn1 or control siRNA were resuspended in nuclease-free water

and incubated with Lipofectamine RNAiMAX at a 1:1 ratio at room temperature. These complexes were diluted with TransIT-QR hy-

drodynamic delivery solution. Mice received 2.0 mL of diluted siRNA solution through hydrodynamic tail vein injection as previously

described.45,63 The injection was repeated 4 times in 7 weeks with 2 week intervals between injections. Mice were sacrificed on the

same day of the last siRNA injection.

Continued
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Trans-Blot Turbo transfer system Bio-Rad Cat# 1704150J2

Eclipse E800 microscope Nikon

MMC100 metabolic cage Hatteras instruments

20 Cell Reports 43, 114676, September 24, 2024

Article
ll

OPEN ACCESS

http://www.cog-genomics.org/plink/2.0
https://www.gtexportal.org/home/
https://regulomedb.org/regulome-search/


Measurements of serum triglycerides (TGs), glucose, insulin, and liver enzyme (ALT)
Terminal collection of blood was done through cardiac puncture to obtain maximum amount of blood. Blood glucose was measured

by the glucose meter (Germaine Laboratories). Blood TG was measured by CardioChek PA analyzer (PTS Diagnostics) using PTS

lipid panel test strips (PTS Diagnostics, #1710). Serum insulin levels were measured by ELISA (Thermo Fisher Scientific, #EMINS).

Serum ALT values were measured by enzymatic colorimetric assays (Biovision, #K752).

Glucose tolerance test (GTT) and insulin tolerance test (ITT)
Mice were weighed on the day of the GTT procedure following overnight fast. Before glucose injection, a blood sample (�10 mL) was

obtained from the tail vein to measure fasting blood glucose using a glucose meter (Germaine Laboratories). Glucose (2 g/kg body

weight) was injected intraperitoneally, and glucose concentrations were measured at 30, 60, 90, and 120 min. For ITT, blood glucose

was measured in mice fasted for 6 h before insulin injection to obtain basal glucose levels. Insulin (1 IU/kg) (Sigma-Aldrich) was in-

jected intraperitoneally, and glucose concentrations were measured at 30, 60, 90, and 120 min64

Immunoblotting and co-immunoprecipitation (IP) analyses
Cells were lysed with freshly prepared RIPA buffer (20 mM Tris-HCl pH7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium

deoxycholate, 0.1% SDS) or NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1% NP-40, 1 mM EDTA) with complete pro-

tease inhibitor and phosphatase inhibitor cocktails (MilliporeSigma), followed by SDS-PAGE and immunoblotting using different an-

tibodies. For co-IP, whole cell lysate was precleared with protein A/G magnetic beads for 30 min to prevent non-specific binding of

cellular proteins, followed by IP for overnight using protein A/Gmagnetic beads mixed with anti-SPTBN141 (rabbit IgG as the control)

or anti-V5 (mouse IgG as the control). Immunoprecipitated complexes (magnetic bead-lysate-antibody mixtures) were washed 3–4

times with wash buffer (10 mM EDTA-Tris, 150 mM NaCl, 20 mM MgCl2) and eluted with sample buffer followed by SDS-PAGE and

immunoblotting analysis with anti-4-HNE (R&D Systems), anti-V5 (Invitrogen), anti-SPTBN1,41 or anti-VINCULIN (Sigma-Aldrich).

CT scan
To assess the volume of body fat and lean tissue, mice were scanned by microCT.65 Anesthesia was induced with 3% isoflurane in

oxygen and maintained at 2% isoflurane. Whole-body CT was acquired on a Mediso nanoScan PET/CT (Mediso USA, Arlington, VA,

USA), calibrated to Hounsfield Units. 720 projections were acquired at 50 kVp energy and 189 mm. As exposure, and images were

reconstructed in Nucline software (Mediso USA) using a filtered back-projection algorithm with a Blackman filter to a voxel size of

188 mm isotropic.

CT images were analyzed in VivoQuant 2021 (Invicro, Needham, MA, USA) using a custom script (available upon request). Briefly,

after removing the imaging cradle from the CT image, a lower threshold of �500 HU was applied to segment the whole mouse and

calculate its volume. Next, the lungs were segmented and combined with an automatically-thresholded airspace region of interest.

This region of interest (ROI) was dilated to cover regions between dense tissue and airspace, which would otherwise be falsely

counted as less-dense fat. Finally, a threshold between �400 and �100 HU was applied to the whole-body image, not including

the dilated airspace ROI, to segment fat, and a threshold between�100 and 300 HUwas applied to thewhole-body image, excluding

the airspace and urinary bladder, to segment lean tissue. The volumes of these fat and lean ROI’s were then divided by the whole-

body volume to calculate the percent fat and lean tissue values.65

Measurements of liver, visceral fat, and tissue histology
The whole liver, and both sides of perigonadal visceral adipose tissues66 were excised and weighed. For liver tissue histology, liver

tissues were fixed in 10% formalin. Routine tissue processing, including embedding in paraffin, sectioning, Hematoxylin and Eosin

(H&E) staining, and Sirius red staining were done by the George Washington University histology facility core. Frozen liver tissues

sections were stained with Oil Red O by VitroVivo biotech. For immunohistochemical analyses, FFPE liver tissue sections were

probed with antibodies against anti-4-HNE (R&D Systems). Diaminobenzidine was used as a chromogen. Biotinylated secondary

antibodies and the DAB kit were used for signal amplification and detection. Images were acquired with an Eclipse E800microscope

(Nikon) equipped with a Dxm1200F camera.

Measurement of ex vivo lipolysis
The ex vivo lipolysis assay has been performed as previously published protocol.67 Briefly, about 50mg eWAT and iWATwere treated

by agonist (isoproterenol 10 mM) for 2 h in KRBH buffer (2% BSA) at 37�C. Collect media at 5 min and after 2 h. Then analysis fatty

acids and glycerol by Free Fatty AcidQuantitation Kit (Sigma-Aldrich, MAK044) andGlycerol Assay Kit (Abcam, ab133130). Fatty acid

and glycerol concentrations were normalized to tissue weight.

Measurements of food intake, water intake, and urine output
Mice fed a normal chow diet were housed individually in anMMC100metabolic cage (Hatteras Instruments) for 24 h. Food intake was

measured by differences in remaining food weight and water intake was measured by differences in remaining water volume before

and after 24 h in the metabolic cage. The amount of urine produced in 24 h was measured by volume.

Cell Reports 43, 114676, September 24, 2024 21

Article
ll

OPEN ACCESS



Immunofluorescence analyses
Huh7 or LX-2 cells were grown on cover glass transfected with siControl, siSptbn1, or siAldh2. Twelve hours post-transfection, cells

were subjected to overnight starvation. Following day, cells were treated with 20 mMHNE for 4 h, followed by TGF-b (200 pM) treat-

ment for 1 h. Cells were fixed using 4% paraformaldehyde for 15 min, PBS-washed, permeabilized in 0.5% Triton X-100 for 30 min

and blocked in 1% bovine serum albumin in PBS for 30 min. Immunofluorescent staining was performed to detect SPTBN1 and

SMAD3. Confocal images were acquired using a 203 objective on a Zeiss LSM880 confocal microscope.

Multiplex immunofluorescence staining
FFPE of mouse liver tissue were used to stain CD4, FoxP3, CD11b and F4/80. Optimal concentrations for each antibody were deter-

mined and using the optimized fluorophore. Stained tissue was counterstained and coverslipped with Antifade Mountant with

NucBlue. Whole-slide imaging was performed on the Akoya Vectra Polaris machine. Images were processed by PhenoImager soft-

ware. Multiplex immunofluorescence staining process was performed by HistoWiz, Inc. (Brooklyn, NY, USA).

Human 3D MASH culture and analysis
Human 3D MASH culture experiments were performed by CN Bio Innovations (United Kingdom).68 Briefly, primary human hepato-

cytes, human Kupffer cells, and human stellate cells were seeded onto CN-Bio’s PhysioMimix LC12 MPS culture plates at 6 3 105

cells for primary hepatocytes and 6 3 104 cells each for Kupffer cells and stellate cells (hepatocyte: Kupffer cell: stellate cell ratio =

10:1:1). MASH-inducingmediumwas added one day after the cells were plated, enabling the cells to formmicrotissues in the scaffold

pores and initiating induction of a MASH phenotype. Four days after plating, fresh MASH-inducing medium was added, and cells

were transfected with either 25 nM or 50 nM siRNA targeting SPTBN1 or 25 nM of a control siRNA. On day 6 after plating, fresh

MASH-inducing medium was added, and siRNA was replenished. Eight days after plating, cellular samples were evaluated for tran-

scriptional profiling by RNA-seq, and cultures were processed for collagen type-I (Rockland) and a-SMA (Abcam) staining, and

Hoechst was used to detect nuclei. Stained cultures were visualized by confocal microscopy. Mean intensities of collagen type-I

staining, a-SMA staining, and Hoechst staining were measured in images acquired with the 103 objective across 9 fields of view

from 8 slices of the scaffold. Each pore of the scaffold was treated as an individual data point. A total of 112–168 pores were

measured. The intensity for a-SMA and Collagen Type-1 were normalized to Hoechst intensity to account for seeding density within

each pore.

RNA extraction, RNA sequencing, and pathway analysis
For RNA-seq, RNA was extracted from liver tissues using the RNeasy Plus Mini kit. RNA quality and concentration were assessed

using the Thermo Scientific Nanodrop spectrophotometer before RNA sequencing. About 1 mg of RNA was used to generate bar-

coded sequencing libraries. Novogene Corporation performed library preparation. RNA sequencing data was aligned using hisat2

V2.1.0 2 to the Mus musculus (GRCm38/mm10); the genes that passed the quality check were counted using HTSeq2 (v 0.11.1).

The raw gene-level counts were then used for differential gene expression analysis using DESeq2. Gene expression was normalized

using Log2-transformed copies permillion (Log2CPM), and statistical significance (p < 0.05) was assessed by R using theWald Test in

DESeq2. Differentially expressed genes within groups were studied using Ingenuity Pathway Analysis (IPA, Qiagen) imputing the

whole transcriptome and filtering it in IPA for statistically significant (p < 0.05) results with a log2 fold change (Log2FC) less than

�0.3785 or greater than 0.3785, and FPKM >1 for mice. ‘‘Upstream Regulators’’ networks were generated and ranked in terms of

the significance of participating genes and activation status (Z score). Biologically relevant results met the following criteria as pre-

viously described45: genes assigned to a regulatory network with a false discovery rate (FDR) < 0.05, statistical significance (p < 0.05)

of the Z score >2 or Z score <�2 of the upstream regulator, and enrichment in ‘significantly modulated’ networks in the comparative

analysis.

Metabolomic and lipidomic analyses
Polar metabolites and lipids were extracted from liver tissues with a mixture of acetonitrile and methanol and analyzed using an Acq-

uity UPLC system online with electrospray quadrupole-time-of-flight tandemmass spectrometer (ESI-Q-TOF) (QTOF Premiere, Wa-

ters Corp, Milford, MA) as previously described.69 Chromatographic separation was achieved on a 50 mm3 2.1 mm Acquity 1.7 mm

C18 column using a flow rate of 0.5 mL/min with a capillary voltage of 3.2 kV and a sampling cone voltage of 35.0 V in positive mode.

Operating conditions were 2.7 V extraction cone voltage; 120�C source temperature; 350�C desolvation temperature with 800 L/h

desolvation gas flow rate; and 25 L/h cone gas flow rate. Mass spectra were obtained over themass range of 50–1200m/z in centroid

mode. Sulfadimethoxine (500 pg/mL) in 50% acetonitrile ([M + H]+,m/z 311.0814) was infused at 0.08 mL/min flow rate and served as

the reference mass as previously described.69

For analysis of untargeted metabolomics and lipidomics data, raw MS data files were converted to NetCDF format using Data-

bridge. NetCDF files were processed using an in-house implementation of the XCMS (Scripps Institute, La Jolla, CA) R package.

XCMSwas used for peak detection and retention time correction. Initially, the ion peakswere filtered and detected using thematched

filter algorithm. The peak detection algorithm allows data to be binned into parts with predefined widths and mass, and it is then

compared to known peaks of similar distributions. Retention time correction was performed using the Ordered Bijective Interpolated

Warping (OBI-Warp) algorithm.70 All parameters for the matched filter and OBI-Warp algorithm were optimized with the IPO
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(Isotopologue Parameter Optimization) R package.71 XCMS output produces m/z values, retention times, and ion intensities. Data

were then normalized to the intensities of internal standards. Tissue data were also normalized to total protein concentration. Multi-

variate statistical analyses were then performed using Metaboanalyst72 implemented in R, with log transformation and Pareto

scaling.

Structure modeling and molecular docking simulations with SPTBN1 and 4-HNE
Molecular docking simulations were performed, and binding affinities for 4-HNE and SPTBN1 were calculated. Three-dimensional

structural coordinates of SPTBN1 were obtained from the AlphaFold database (accession ID: Q01082). Due to the lack of structural

folds, the SPTBN1wasmodeled in three fragments covering D50-T975, Q1132-T2155, and A2198-K2364. Loop remodelingwas per-

formed using ModLoop.73 All structures were energy minimized in Swiss-PDB Viewer74 and refined further using the MGL AutoDock

tools.75 The 4-HNE structure was retrieved from the PubChem database in processed format (PubChemCID: 5283344). The docking

simulations were performed using InstaDock76 with a blind search space in which 4-HNE was free to move and search its favorable

binding site(s) on SPTBN1. The grid box size for SPTBN1 (D50-T975) was set to (306 Å3 125 Å3 280 Å) and centralized at (�0.397,

�0.310, �15.534) for the blind search space. The grid box size for SPTBN1 (Q1132-T2155) was set to (226 Å 3 122 Å 3 299 Å),

centralized at (�7.560,�1.795, 1.034). The grid box size for SPTBN1 (A2198-K2364) was set to (275 Å3 134 Å3 252 Å), centralized

at (�12.453, �1.867, 5.293). After estimating the binding affinity, all possible docked conformations of 4-HNE were split to further

analyze their binding pattern with SPTBN1 using PyMOL and Discovery Studio Visualizer.

Quantification of free 4-HNE by mass spectrometry
Each liver tissue was weighed into an microcentrifuge tube. Acetonitrile (70%) containing 0.5 mg/mL of 4-HNE-d3 at 9 mL per mg raw

tissue was added. The samples were homogenized with the aid of two metal beads on an MM 400 mill mixer at 30 Hz for 1 min, four

times, followed by centrifugal clarification in a microfuge at 5�C for 15 min, and supernatants were collected. Standard solutions of

4-HNE were prepared in ethanol at a concentration range of 0.00005–1 mg/mL. The supernatant (100 mL metabolite extract) of each

sample or each standard solution wasmixedwith 100 mL of a cyclohexanedione buffer solution. Themixtures were incubated at 50�C
for 120 min. After the reaction, 10 mL aliquots of the mixtures were injected and analyzed by UPLC-MRM/MS on an Agilent

1290 UHPLC system coupled to an Agilent 6495B QQQ mass spectrometer operated in the positive-ion detection mode and using

a C18 column (2.1 3 150 mm, 1.8 mm) and a mobile phase composed of 0.1% formic acid and acetonitrile for LC separation. The

binary-solvent elution gradient was 20%–50% in 10 min at 0.35 mL/min and 50�C. Concentrations of 4-HNE in the samples were

calculated by interpolating the constructed linear-regression, internal standard calibration curves with the analyte to internal stan-

dard peak area ratios measured from the sample solutions. The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE (https://www.ebi.ac.uk/pride/) partner repository with the dataset identifier

PXD055145.We used 4-HNE-protein adduct ELISA (Cell Biolabs) to detect 4-HNE bound to proteins inmouse liver tissues according

to the manufacturer’s instructions.

snRNA-seq
Nuclei were isolated by lysing frozen mouse livers with a pestle and cold lysing buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM

MgCl2, 0.1% NP-40, 0.4 U/mL RNase Inhibitor, 1mM DTT) for 4 min on ice. The lysate was filtered over a 40 mm filter, centrifuged at

500 g at 4 �C and resuspended in 1X PBS with 1% BSA & 0.4 U/mL RNase Inhibitor. Nuclei were labeled with 7-AAD (Sigma) and

sorted on a BD FACS Aria to purify nuclei from the remaining debris. Sorted nuclei were counted and loaded onto a Chip G and

10X Genomics Chromium Controller to generate GEMs following the manufacturer’s protocol (Chromium Next GEM Single Cell 30

v3.1 with Dual Indexing). Libraries were quantitated and fragment sizes determined using a High Sensitivity DNA Chip and Bio-

analyzer (Agilent). Sequencing was done at Medgenome (Foster City, CA) on a Novaseq at a depth of 50,000 reads per nuclei.

Quantitative PCR
Total RNA was extracted with the use of TRIzol reagent (Ambion) according to the manufacturer’s instructions. Reverse transcription

of total RNA to cDNA was performed according to the manufacturer’s instructions. Each cDNA was amplified with the SYBR Green

Master Mix. Primers for the real-time PCR are listed in key resources table for human (h) and mouse (m) genes.

QUANTIFICATION AND STATISTICAL ANALYSIS

For multiple comparisons, one-way ANOVAwith post-hoc Bonferroni’s test was used. Differences between 2 groups were evaluated

using 2-tailed Student’s t-tests using GraphPad Prism. In vitro experiments were performed 2–4 times. Results are presented as

mean ± SEM unless otherwise indicated. For all statistical analyses, p < 0.05 was considered statistically significant.

For bioinformatics analysis to evaluate the relative mRNA abundance of SPTBN1 and ALDH2 in liver tissue samples from healthy

obese individuals, patients with simple steatosis, or patients with MASH from the public datasets (GSE48452 and GSE89632), these

datasets were processed using the interactive web tool GEO2R. Then, differences in gene expression among groups were analyzed

with GraphPad Prism using one-way analysis of variance (ANOVA) with posthoc Bonferroni’s test.
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