Gasdermin D deficiency in vascular smooth muscle cells ameliorates abdominal aortic

aneuryW reducing putrescine synthesis

Running DMD in VSMC promotes AAA by increasing putrescine production.
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Abdominal aortic aneurysm (AAA) is a common vascular disease associated with significant

phenotWons in vascular smooth muscle cells (VSMCs). Gasdermin D (GSDMD) is

a pore-foror of pyroptosis. In this study, we determined the role of VSMC-specific

GSDMD instR@phenotypic alteration of VSMCs and AAA formation. Single-cell transcriptome

analyses reyealed Gsdmd upregulation in aortic VSMCs in angiotensin (Ang) ll-induced
AAA. VSM ific Gsdmd deletion ameliorated Ang ll-induced AAA in apolipoprotein E

(ApoE)"- mng untargeted metabolomic analysis, we found that putrescine was

significantly reduied in the plasma and aortic tissues of VSMC-specific GSDMD deficient

mice. Higr@;ine levels triggered a pro-inflammatory phenotype in VSMCs and

increased ibility to Ang ll-induced AAA formation in mice. In a population-based
study, a hi of putrescine in plasma was associated with the risk of AAA (p<2.2 x10-
16), consiste ith the animal data. Mechanistically, GSDMD enhanced endoplasmic
reticul -C/EBP homologous protein (CHOP) signaling, which in turn promoted the

expressio!of ornithine decarboxylase 1 (ODC1); the enzyme responsible for increased

putrescinTreatment with the ODC1 inhibitor, difluoromethylornithine, reduced AAA

formation | -infused ApoE-- mice. Our findings suggest that putrescine is a potential

bioma et for AAA treatment.

-
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UPR Unfolded protein response

T

Q.

 EE—
IntroducticL
AbdominaQaneurysm (AAA) is a common vascular disease that is associated with a
high risk wRupture of an aortic aneurysm is often lethal, with mortality rates of 85—
90% [1]. Male geider, older age, smoking, atherosclerosis, and family history of the disease
are the pr@sk factors for AAA. AAA is accompanied by chronic inflammation, vascular
smooth m odeling and apoptosis, and extravascular matrix (ECM) degradation [2].
Currently,m:o approved medical therapy for AAA, making prevention and early
diagnosis p rly critical [3]. Phenotype switching and apoptosis of vascular smooth
muscl Cs) are important pathological hallmarks [4]. Accumulating evidence

suggests !at active metabolites can alter cell physiology [5], however, the VSMC

metabolitd in AAA have not yet been fully defined.

GasdermiSE EEEDMD) is a pore-forming effector of pyroptosis [6]. Inflammasome

comple@e-ﬂ and caspase-8 lead to GSDMD cleavage; the GSDMD N-terminal

domain N-GSD& subsequently oligomerizes and forms pores in the plasma membrane of

<
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macrophages [7]. Pharmacological inhibition of GSDMD is efficacious in mice with sepsis [8].
It has Wported that loss of GSDMD results in improved ventricular remodeling and
reduced after acute myocardial infarction [9]. GSDMD also mediates
cardiormyyJeyiempyiroptosis during myocardial ischemia-reperfusion injury [10]. Therefore,
GSDMD plays an important role in the development of cardiovascular disease. However, the

effects of on VSMCs with respect to AAA have not yet been studied.

SCI

Here, we report that GSDMD promotes AAA by inducing endoplasmic reticulum (ER) stress

Ui

and upre [ /EBP homologous protein (CHOP) to increase putrescine synthesis.

i

Plasma pUltrescine concentrations positively correlated with human AAA, whereas treatment

with diflu lornithine (DFMO), an inhibitor of putrescine, partially prevented AAA

d

develo

Results

hor

VSMC-speécific GSDMD deficiency reduced AAA

{

Through isgof single-cell transcriptome data from Luo et al. [11], we identified

U

increased d expression in the VSMCs of aortic aneurysm and dissection (AAD) tissues

A
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from mice treated with a high-fat diet and angiotensin (Ang) Il, compared to those from aortic
tissuesz mice (Fig. 1A). Western blot analysis found increased GSDMD and N-
GSDMD IAAA tissue of male wild-type mice perfused with elastase at 12 weeks
of age BorApar@dito those in saline-perfused mice (Fig. 1B—C). GSDMD expression was also
increased ig theg aortas of AAA patients compared to that in healthy controls (Fig. 1D-E,
Supplemeu

ure 1A and Supplemental Table 1). Immunofluorescence revealed

increasedm expression in VSMCs of mouse AAA samples compared to that in saline-

U

treated, respectively (Fig. 1F). To determine whether ablation of VSMC-derived GSDMD

ameliorat , we generated VSMC-restricted GSDMD-deficient mice and crossed

3

VSMC-res SDMD-deficient mice with the apolipoprotein E (ApoE) knockout mice;

a

that is, GS M22Cre*-, GSDMD, GSDMD"1SM22Cre*-ApoE--, and GSDMD""ApoE-

- mice (Sup tal Fig. 1B). Four-month-old male GSDMD"1SM22Cre*-ApoE-- and

\

GSDM ice were infused with Ang Il (1000 ng/kg/min) for 28 days, and the models

verified by@their elevated blood pressure results (Supplemental Fig. 1C). Our results showed

1

that the @ ex vivo diameters of suprarenal aortas were smaller and AAA incidence

¢

and death ere lower in GSDMD¥SM22Cre*-ApoE- mice compared to

GSDM ice (Fig. 1G—H). Elastin fragmentation was reduced in the aortic media

{

from GSD 22Cre*-ApoE-- mice compared to that in their GSDMDIApoE-"

U

littermates, as rmined by Elastin Van Gieson (EVG) staining (Supplemental Fig. 1D-E).

A
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In the elastase induction model of AAA, the aortas were also significantly less expanded in
GSDMW’e*"mice than the GSDMD"" mice (Supplemental Fig. 1F-1). VSMC-

specific G& eficiency resulted in higher levels of expression of a-smooth muscle actin,

€

smootiImuiselem22, and calponin (Fig. 11-J). These three contractile proteins were also
upregulatwman aortic smooth muscle cells (HASMCs) with small interfering RNA

(siRNA)-in GSDMD knockdown (Supplemental Fig. 1J-M). Collectively, these results

S

suggest t -specific GSDMD deficiency reduces the incidence of AAA in mice and

preserves the cofitractile phenotype of VSMCs.

G

Putrescinelw. regulated in AAA

al

To explore etabolites could affect VSMC homeostasis, untargeted metabolomic

\

studie minal aorta were performed in mice perfused with elastase for 14 days.

The levelsgof the metabolite putrescine showed the greatest reduction in the aortas of the

i

GSDM Df'”@'e*/-group compared to those of the GSDMD" group (Fig. 2A-B).
Putrescine/ lyamine that is synthesized from ornithine via decarboxylation of the amino
acid [12F. centrations of putrescine have been detected in cancer and inflammatory

{

bowel dis 3] [14]. Metabolomic phenotyping of experimental animal models of AAA

Al
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has shown that putrescine is upregulated in the blood and aortas of Ang ll-induced mice
[19], how role of putrescine in aortic aneurysms remains unclear.

To identif

N
case-contSI study matched for age, sex, blood pressure, smoking status, alcohol use, and

2

utrescine is involved in the etiology of AAA in humans, we performed a

hypertensi®n status in 84 patients with AAA and 95 healthy controls (Supplemental Table 2).

G

Putrescinego trations were significantly elevated in the plasma of AAA patients (median:

S

27.36 uymol/L, interquartile range (IQR): 13.80-47.32) compared with those in healthy

U

controls ( iam¥'5.69 pmol/L, IQR: 3.35-12.18; Fig. 2C-D, FP< 2.22 x 10-16). Higher

[)

concentrafions of plasma putrescine were associated with an increased risk of AAA across

different groups defined by age, sex, smoking status, alcohol use, and history of

d

hypert slipidemia (Fig. 2E). In addition, the area under the receiver operator

characteri e (AUROC) showed discriminating power with respect to predicting AAA

M

risk (AUROC = 0.86, 95% confidence intervals (CI): 0.80-0.91, sensitivity = 77.4%, specificity

I

= 80%; Fige MRutrescine concentrations were higher in the aortic tissues of AAA patients

compared w n healthy controls (Fig. 2G). Additionally, putrescine levels in the aortic

tissues of 6J mice 14 days post-perfusion with elastase were also higher than those

¢

in the ti the saline-treated group (Fig. 2H).

t

AU
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High putrescine levels triggered the development of AAA

{

To determine whether putrescine contributes to AAA, three-month-old male ApoE-- mice

were chal 1% putrescine in drinking water, followed one week later by Ang Il

P

infusion fglg 28 days. In addition to increased putrescine concentrations in the plasma,

maximal rarefal aortic diameters were larger in the putrescine-administered mice infused

G

with Ang lI il control mice administered pure drinking water prior to Ang Il infusion. The

S

death rate was also higher in the putrescine-administered group compared to the water-

U

administe p (Fig. 3A-D). Elastin fragmentation was increased in the aortas of

I

putrescinegdadministered mice compared to water-administered mice, as determined by EVG

staining ( ental Fig. 2A-B). The same results were observed in the C57BL/6J mice

d

challe % putrescine in drinking water, followed one week later by elastase

perfusion fi ys (Supplemental Fig. 2C-G). The expression levels of contractile

M

proteins a-smooth muscle actin, smooth muscle 22, and calponin were decreased in the

aortas of e-administered mice and putrescine-stimulated HASMCs, compared to

or

the contro @ (Fig. 3E-F and Supplemental Fig. 2H-I). In the elastase induction model,

putrescingfwas downregulated in aorta tissues of GSDMD1SM22Cre*- mice compared to

g

that in IBmice (Fig. 3G). A reduction in putrescine was also observed in HASMCs

{

incubated with GEDMD siRNA compared to that in control cells (Supplemental Fig. 2J).

Gl

A
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Next, we investigated whether putrescine could reverse the protective effects of GSDMD
deficierMe AAA. Higher maximal infrarenal aortic diameters were observed in

GSDMD" e*- mice perfused with elastase and administered 1% putrescine in

¢

drinkin@watem@dmpared to those perfused with elastase and administered water only (Fig.
3H-J). Elaﬁmentation was also increased in the media of aortas of putrescine-

administer MD¥SM22Cre*- mice compared to mice of the same genotype

S

administe r only, as determined by EVG staining (Supplemental Fig. 2K-L). These

data demonstrat@that putrescine promotes the loss of the contractile phenotype of VSMCs

o

and exac (Fig. 3K).

ar

Ornithi lase 1 promoted the development of AAA

M

Ornithi ylase 1 (ODCA1) is the rate-limiting enzyme in the synthesis of polyamines

that convefts ornithine into putrescine [16]. Higher levels of ODC1 were found in the aortas

[

of C57BL/ 14 days post-perfusion with elastase than those in saline-treated mice

€,

(Fig. 4A-B)ahligher levels of ODC1 were also observed in HASMCs stimulated with Ang I,

n

compa ontrol groups (Fig. 4C-D). To explore the role of ODC1, arteries were

{

infected wiiilmeiiler adenovirus (Ad)-ODC7to induce ODC1 expression, or Ad-Null, by

U

smearing virus mixed with 30% pluronic gel perivascularly after perfusion of the aortas

A
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with elastase (Supplemental Fig. 3A-B). In the Ad-ODC7 group, the maximal infrarenal
aortic dWere larger and the amount of fragmented elastin was greater than in the
Ad-Null g4E—G and Supplemental Fig. 3C-D). The expression of a-smooth
musclemadiismeoth muscle 22, and calponin was decreased in HASMCs infected with Ad-
oDc1 com:ar: to that in HASMCs infected with Ad-Null (Fig. 4H-I and Supplemental Fig.

3E). Putre vels in Ad-ODC7-infected HASMCs were higher than those in Ad-Null-
infected W(Fig. 3J).

Difluoromzthine (DFMO), also known as eflornithine, is an ODC1 inhibitor. DFMO

)

has been @pproved for the treatment of African trypanosomiasis over the last 50 years [17].

It has als sed to reduce hair growth and has a low rate of adverse events [18]. In

d

recent O has been shown to have an inhibitory effect on many cancers [19] and

has been i ted in clinical trials for neuroblastoma (NCT02679144) and

Wi

medulloblastoma (NCT04696029). We hypothesized that DFMO could rescue AAA by

|

inhibiting ®Eour-month-old male ApoE- mice were challenged with 0.5% DFMO in

drinking @ owed one week later by Ang Il infusion for 28 days. DFMO attenuated

AAA, as sfiown by smaller maximal suprarenal aortic diameters and lower death rates in

g

mice trWFMO compared to water-administered mice (Figs. 4K-M). Elastin

fragmentation ws also decreased in the aortic media from DFMO-administered mice

<
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compared to that in water-administered mice, as determined by EVG staining (Supplemental
Fig. 3FWelastase induction model, aortic diameters were significantly smaller in the

DFMO grg h less elastin fragmentation compared to the control mice (Supplemental

o

Fig. 3H=JyERIgSma putrescine concentrations were also lower in DFMO-treated mice

compared ‘: th:controls (Supplemental Fig. 3K). In HASMCs; a-smooth muscle actin,

smooth m , and calponin were expressed at higher levels in DFMO-treated cells than

o

in control pplemental Fig. 3L-M). These data demonstrate that the inhibition of

ODCH1 represse and that ODC1 exacerbates AAA by increasing putrescine levels

%‘

(Supplem

3N).

dll

VSMC imulated ER stress; CHOP promoted transcription of ODC7

ODCH1 is controlled by many transcription factors, as shown in the Cistrome

database SO]. Among these, CHOP, a marker of ER stress, was of particular interest

because ] ER stress was observed in HASMCs with GSDMD knockdown. ATF4,
another do m transcription factor of the PERK pathway, was not downregulated in
mice v\ﬁdeﬁmency (Fig. 5A-C and Supplemental Fig. 4A-B). In ER stress, three
pathways ivated: protein kinase R-like ER kinase (PERK) [21], inositol requiring
enzyme 1 22], and activating transcription factor 6 (ATF6) [23] (Supplemental Fig.

This article is protected by copyright. All rights reserved.

17



4C). Binding immunoglobulin protein (BiP), also known as glucose-regulated protein 78
(GRP7Merone abundantly present in the ER. BiP levels are elevated under ER

stress [24dy, only the PERK-eukaryotic initiation factor 2a (elF2a) pathway was

significantiystim@lated. ER stress, particularly the upregulation of CHOP, plays an important

role in szeneration and AAA progression [25]. CHOP deficiency can suppress 3-
aminoprop fumarate-induced thoracic aortic aneurysm/dissection [26]. On this basis,

we hypotwhat GSDMD could cause ER stress in VSMCs, upregulate CHOP, and

promote the trangeription of ODC7. A chromatin immunoprecipitation (ChIP) assay

H

confirmed OP could bind to the ODC7 promoter (Figs. 5D-E). In a dual-luciferase

3

reporter as ormed to validate this result, CHOP overexpression resulted in increased

o

activation Of't DC 1 promoter compared with the vector control (Fig. 5F). In HASMCs

transfecte HOP siRNA, ODC1 was downregulated at both the protein and mRNA

I\

levels and Supplemental Fig. 4D). Alpha-smooth muscle actin, smooth muscle

22, and calponin were highly expressed in the CHOP siRNA group compared to the control

E

group (Fi nd putrescine was expressed at lower levels in CHOP siRNA-transfected

0

HASMCs ental Fig. 4E). In addition, GSDMD knockdown reduced the levels of

n

ODC1 in HASMCs (Fig. 5K-L). Transmission electron microscopy was used to

{

identify a [ gical abnormalities in VSMCs. VSMCs from GSDMD1SM22Cre*- mice

U

exhibited less aberrant ER morphology (e.g., reduced dilation of the ER intermembrane

A
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space) than those from GSDMD mice (Supplemental Fig. 4F). The level of N-GSDMD in
the ERWS treated with Ang Il was increased compared to that in the controls

(SupplemG).

N
There areSree ER stress inducers widely used: tunicamycin, which blocks the initial step of

glycoprotein synthesis and thus inhibiting the synthesis of N-linked glycoproteins[27];

G

thapsigar which elicits ER stress through depletion of calcium and accumulation of

S

unfolded or misfolded proteins in the ER [28]; and the reducing agent dithiothreitol, which

U

interferes wi tein folding by blocking disulfide bond formation[29]. Here we used TG to

[)

induce a tyjpical ER stress state. Compared to HASMCs treated with Ang Il alone, putrescine

concentr re higher in HASMCs treated with both Ang Il and TG (Supplemental Fig.

ad

4H). T SMCs from the GSDMD overexpression-induced phenotype, we used

GSDMD-r, ic (GSDMD-Tg) HASMCs with high GSDMD expression and

W

tauroursodeoxycholic acid (TUDCA), a molecular chaperone suppressing ER stress[30].

I

Contractil s were upregulated in GSDMD-Tg HASMCs treated with TUDCA relative

to TUDCA @ ed GSDMD-Tg cells (Supplemental Fig. 41-J). Collectively, these results

demonstrate that GSDMD deficiency could alleviate ER stress through the PERK pathway

£

and th ription factor CHOP could promote ODC1 expression.

Aut
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As GSDMD is an essential mediator of pyroptosis and the N-terminal fragment of GSDMD
can forWte the formation of a plasma membrane pore, we investigated whether

GSDMD i @ pyroptosis in HASMCs. We observed no alteration in lactate

dehydregamaseniiDH) release or SYTOX green uptake in lipopolysaccharide-primed
HASMCs ﬁed with ATP and treated with GSDMD siRNA or control siRNA (Fig. 5SM-N
and Suppl | Fig. 4K). These data indicate that GSDMD affected HASMC activity

primarily t on-pyroptosis-mediated mechanisms (Fig. 50).

NUS

Putrescin phenotype switching of VSMCs and aggravated inflammation

d

To further the role of putrescine in regulating the synthetic phenotype of HASMCs,

we used t O database[31] to identify transcription factors regulating osteopontin

]

(OPN) lin (EREG), two classical proteins of synthetic HASMCs that have been

used as m@rkers as reported previously[32] (Fig. 6A). Among the 35 transcription factors

i

putatively@ing both OPN and EREG, CCAAT/enhancer-binding protein 3 (C/EBPf)
was predic e the most important. Based on this analysis, we postulated that
putres omote a switch of VSMC from the contractile to synthetic phenotype via

{

C/EBP. | rt of this theory, experiments using the dual-luciferase reporter system

U

confirmed N and EREG promoter activity increased in 293T cells overexpressing

A
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C/EBPf (Fig. 6B). Furthermore, upregulation and increased phosphorylation of C/EBPf

were 0 idputrescine-treated HASMCs (Fig. 6C and Supplemental Fig. 4L). In the

elastase iodel, immunofluorescence staining of mouse aortas also showed

increas@dGIEBRE expression and phosphorylation in VSMCs from putrescine-treated mice

{

compared&e from control mice (Fig. 6D). In putrescine-treated HASMCs, the

expression of a-smooth muscle actin, smooth muscle 22, and calponin were higher in

the C/EBm-treated group compared to that in the control group (Fig. 6E). Putrescine

treatment and C/EBP[3 deletion also altered the expression of inflammatory factors in

G

VSMCs. ted increased expression of mMRNAs encoding inflammatory factors

n

(MMPZ2, M, Fa, IL-6, CCLZ, and HIF1a) after putrescine treatment and decreased

2

expression'ef e factors in C/EBP siRNA-treated HASMCs (Fig. 6F). Increased

phosphoryla nuclear factor-kappa B (NF-kB), one of the 35 factors putatively involved

2\

in the t of both OPN and EREG, was observed in putrescine-treated HASMCs

(Fig. 6G Supplemental Fig. 4M). As C/EBP and NF-kB are the iconic transcription

1

factors of @ nce[33], we investigated whether the senescence-associated secretory

phenotype was activated in putrescine-treated HASMCs. The p16 level and mRNA

levels -related markers were detected in putrescine-treated HASMCs and untreated

th

HASMCs] no significant difference was found (Supplemental Fig. 5A-C). At the

iU

same time, B-galactosidase staining indicated that putrescine treatment did not aggravate

A
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cell senescence (Supplemental Fig. 5D-E). These data indicate that putrescine did not
trigger M in VSMCs. Yes-associated protein (YAP) promotes latent transforming
growth fag protein 4 (LTBP4)-mediated elastic fibril assembly in VSMCs, which
mitigat&s tiesf@mmation of AAA[35]. It was found that the level of YAP and p-YAP were
decreased in puirescine-treated HASMCs (Supplemental Fig. 5F-G). These data indicated
that putresuay also aggravate AAA by promoting fibrillar ECM degradation. Overall,

putrescin the switch of VSMCs from contractile to synthetic phenotype and

increased HASME inflammation via the C/EBP and NF-kB pathways (Fig. 6H).

Discussio

anus

We found DMD was upregulated in both mouse models and patients with AAA.
VSMC- letion of GSDMD alleviated AAA development. Our mechanistic studies
revealed lgt GSDMD activates the ER stress pathway and upregulates CHOP, a

transcripti @ that regulates ODC1 expression. Elevated ODC1 increases the level of

putrescine can upregulate both the total and phosphorylated levels of C/EBP.

Auth

Conse , expression of several synthetic proteins increased; promoting AAA (Fig.

7).
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The expression of GSDMD in the aorta is associated with AAA formation. GSDMD releases
inflamnMines, such as interleukin (IL)-1B and IL-18 [36] and has been reported in

many carq lar diseases such as atherosclerosis [37], ischemic heart disease [38], and

Y

diabeti@icam@igmyopathy [39]. To date, numerous studies have been conducted on GSDMD
in macroph:ge:‘ however, the role of GSDMD in VSMCs, which are important components

of vessels, ot yet been elucidated. According to the single-cell transcriptome results

S

from Luo . [@1], GSDMD was significantly increased in the VSMCs of Ang ll-infused

mice. In this study, we verified these results and found that GSDMD was significantly

B

upregulat tissues of humans and mice. We postulated that GSDMD may increase

f

in AAA as initiation factor.

ck

To test esis, we confirmed that GSDMD aggravates AAA in VSMC-restricted

GSDMD d mice. GSDMD causes pyroptosis in immune cells but plays other roles in

)Y

VSMCs. Therefore, we speculated that several proteins and metabolites were altered

I

downstre DMD, accelerating the progression of AAA. Using a metabolomics

approach, @ ine was found to be the most downregulated metabolite in GSDMD

deficient Miice. Putrescine is a major polyamine, in addition to spermidine and spermine [40],

i

and is om L-ornithine by the rate-limiting enzyme ornithine decarboxylase [41].

i

No significant ch@nges in spermidine or spermine levels were observed. It has been reported

Ul

A
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that spermidine, as the downstream product of putrescine, suppresses the development of
AAA; Wuppor’ts our hypothesis [42]. Putrescine is essential for cell proliferation
[43] and ied in many diseases, such as malignant squamous cell carcinomas
[44], agihdi@simand pulmonary hypertension [46]. In our study, putrescine levels were
upregulated,in Both the plasma and aorta of patients with AAA, suggesting that AAA was
caused by utrescine levels. AAA was significantly aggravated in mice treated with
putrescinmrified our hypothesis by administering putrescine to GSDMD deficient

mice. Despite thedGSDMD deficiency, putrescine could still promote AAA formation;

LA

indicating MD was upstream of putrescine. For the upstream of putrescine, we

i

found that ithine and arginine were upregulated in the dataset of our previous

d

study[47]. But ornithine was significantly upregulated. Therefore, there may be other

factors in t affect the metabolism of ornithine and arginine. Therefore, our results

A\

show t ne is upregulated by GSDMD; this may be a key mechanism by which

GSDMD elerates AAA development or progression.

1

The most @ nzyme in the production of putrescine is ODC1; a therapeutic target for

many confimon diseases, such as gliomas and hepatitis B virus [48]. Using an adenovirus

£

encodi e used an elastase induction model and overexpressed ODC1

:

perivascularly in'the aorta. We found that ODC1 overexpression accelerated AAA

Gl
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development. DFMO is an irreversible inhibitor of ODC that is already used to combat
cancersw neuroblastoma, human acute T lymphoblastic leukemia, and malignant
glioma [4as also been used in the management of cardiovascular diseases, such
as atteAudtim@iis@proterenol-induced cardiac hypertrophy and protecting the blood-brain
barrier [50], However, there are few reports of DFMO in the aorta. Feeding DFMO to AAA
model Apoue resulted in a reduction in AAA, suggesting that it may have potential

clinical vame prevention and treatment of AAA. DFMO is well tolerated and few

adverse events sve been reported in clinical use [51]; therefore, it could be repurposed for

AAA treatE

ER stress wnregulated in GSDMD-deficient HASMCs. ER stress is caused by the
accumuilati isfolded proteins. To restore protein folding capacity, a process called the
unfolded sponse (UPR) is initiated [52]. PERK is one of three proteins (IRE1,

PERK, and ATF®6) activated by UPR. In this study, the PERK-elF2a pathway was the only
pathway thsignificantly activated. It was reported that only the PERK pathway could
be activat@ ER stress occurred and Bip was downregulated in certain conditions[53].

Thereforefit is possible that GSDMD selectively upregulated the level of PERK during this

£

particul R stress. CHOP is upregulated when these three proteins are activated

!

by severe ER str@ss, leading to the upregulation of apoptosis. CHOP not only induces cell

U

A
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apoptosis by changing the expression of proteins, such as telomere repeat-binding factor 3
and B-Wﬂa-Z [54], but also affects the synthesis of multiple proteins as a
transcripti5]. We investigated transcription factors upstream of ODC1 and found
multiplg¥faetersiimthe CHIP database[20], including MYC and ZBP-89 [56]. It has been
reported that ER stress contributes to AAD via VSMC apoptosis, and CHOP deficiency could
prevent thQ)pment of AAD [26]. Suppression of ER stress was observed in GSDMD-
deficient m and CHOP expression also decreased significantly. We hypothesized

that GSDMD woSd induce ER stress and consequently CHOP expression. The transcription

factor CHEgulates ODCH1. Interestingly, Huang et al. [57] showed that GSDMD could

form pores j branous organelles other than the plasma membrane, such as
mitochondfa. refore, the mechanism by which GSDMD causes ER stress may also
involve the jon of membrane pores. This requires further studies using

immun icroscopy or other methods. Transmission electron microscopy results

showed sgificant changes, such as dilated ER morphology suggesting that ER-related

pathologig m sses occurred in the control group compared to the GSDMD-deficient

group [58] mary, our work delineates the GSDMD-CHOP-ODC1 axis.

N

To det athway responsible for the phenotype switching of VSMCs, we used the

{

two proteins moshrepresentative of synthetic VSMCs, OPN, and EREG, and predicted their

Ul

A
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transcription factors using the PROMO database. Among a large number of transcription
factors;Md C/EBPB, which is of great importance for OPN and EREG, as a

hypothetition factor. Both total and phosphorylated C/EBP levels were

upregulatd@mimEIMSMCs treated with putrescine. Although the C/EBP( content in HASMCs

was relativﬁy Ij the increase in phosphorylation was very significant. Furthermore, in

immunoflu nce staining of aortas, phospho-C/EBPf levels were significantly increased
in the nucmMCs from putrescine-treated AAA model mice. In addition, we

demonstrateE inflammation was triggered by the increased level of inflammatory factors
in putrescﬂed HASMCs. Among the predicted factors, we chose to verify NF-kB as a

representmscription factor that aids inflammation. Total and phosphorylated NF-«kB

levels weredin sed in putrescine-treated HASMCs. Although C/EBP and NF-kB seemed
simiIar% in SASP induction. However, senescence in putrescine-treated HASMCs
was no . Therefore, putrescine promotes AAA by simultaneously switching the

VSMCs pRenotype and aggravating inflammation.

The limita @ his study include the small size of the cohort. Our analysis was

observatignal, and confounding variables such as all food and exercise, could not be

£

comple led. In addition, the ability of DFMO to reduce the incidence of AAA has

{

AU
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not been verified in other populations. The study population only included patients diagnosed

with : e, our findings may not be applicable to patients with progressive AAA.

E

In summa nt study revealed the destructive role of GSDMD and putrescine with

[ |
respect tofy SMCs phenotype switching and aggravation of AAA development. Therefore,

our study gtiggests that GSDMD and putrescine suppression, similar to DFMO, may

G

represent therapy for AAA.

us

Materials hods

3

Additio f our methods are available in the Supplementary material online. Raw

Ma

data a erials can be made available from the corresponding authors on reasonable
request.
Human s

£

This sthroved by the Institutional Review Board of Tongji Hospital (Tongji Medical

College, Wuha hina) and conducted in accordance with both the Declaration of Helsinki
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and the International Conference on Harmonization Guidelines for Good Clinical Practice. A
total of Wts were recruited from Tongji Hospital, Tongji Medical College, between

January ptember 2020; including 84 patients with AAA diagnosed by Doppler

ultraso@hd@me@mputed tomography of the aorta, and 95 age-, sex-, and risk factors-

(includingm'g, drinking, history of hypertension and diabetes) matched healthy control

subjects w ignificant systemic disease (ischemic heart disease, cancer, pulmonary
disease, ojigifeglious diseases). Peripheral blood samples were collected from all AAA

patients and all h&althy controls. Plasma was immediately separated by centrifugation and

stored at Etil analysis.

anus

Statisti

Statisti s were performed using GraphPad Prism 6.0 software (GraphPad
Software,mDiego, CA, USA) and R (version 3.6.3; R Foundation, Vienna, Austria). The
data sho @ presentative of two or three independent experiments. Continuous
variables wi al distribution are expressed as means + standard errors of the mean.
Diﬁereﬂn the two groups were analyzed by Student’s #test after the

demonstraii omogeneity of variance with an F test. Comparisons between three

groups w frmed with a one-way analysis of variance and Dunn’s post hoc test.
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Continuous variables with non-normal distributions are expressed as medians. Comparisons
betweeWere performed using the Mann-Whitney U test for nonparametric variables,
and Fishst or chi-square test for categorical variables. The risk between log2-
transfofn &@pEiFE@scine and AAA, and corresponding odds ratios, were analyzed using
logistic regressjaon in subgroup analyses. The receiver operator characteristic (ROC) curve
was used Qs the diagnostic performance of putrescine to distinguish patients with

AAA frochontrols. A two-sided p-value less than 0.05 was used to define statistical

significance.
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Figure 1. VSMC-specific GSDMD deficiency reduced abdominal aortic aneurysm.

A: RNA-s*uencmg (RNA-seq) analysis of GSDMD was performed in ascending aortas from
wild-type hat were control or fed a high-fat diet (HFD) for 5 weeks and Ang I

N
(2000 ng/@in/kg) infusion during the last week.

B-C: Rep@ve western blotting (B) and quantification (C) of GSDMD and N-GSDMD

from aortm BL/6J mice with 14 days postperfusion of elastase or saline. n=6 per

group. StStest, ** p<0.01.

D-E: Repuﬂve western blotting (D) and quantification (E) of GSDMD from aortas of

human nom\as and AAA patients. n=5 for healthy group and n=7 for AAA patients’
group. Stu test, * p<0.05.
F: Represepntati?e immunofluorescence staining of GSDMD (red) and SMA (green) in control

and AAA mice aortas, scale bar=50 um.

[

G-H: Twentyagight-day infusion of Ang Il (1000 ng/min/kg) or saline in four-month-old

GSDMD re*-ApoE- and GSDMD"ApoE- male mice.

morphology of the aortas.
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H: The quantification of maximal suprarenal aortic diameters measured ex vivo, the

incidenw and the death rate of mice. The red part in histogram is the incidence and

death ratﬂmodel mice. The blue part in histogram is the non-disease and survival

rate of WAAER@@E! mice. n=10 per group. Student’s t test, **p<0.01.

I-J: Repreg€ntalile western blotting (1) and quantification (J) of aortas of

Gr

GSDMDf'/me+/- and GSDMD™ mice with 14 days postperfusion of elastase or saline.

n=6 per grouE. tudent’s t test, * p<0.05, ** p<0.01.
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Figure 2. Putrescine upregulated in AAA patients’ plasma.

A-B: Vo|c*o p|o! (A) and heatmap (B) illustrating differentially metabolites between the

aortas of LiSM22Cre*- and GSDMD" mice. The orange box shows the putrescine.

=3 :

C: Repre@ extracted ion chromatogram for putrescine of healthy control and AAA

patients. w

D: Putrescine coientrations of human plasma from 95 healthy controls and 84 AAA

patients. \E test.

E: Forest mwing the per-SD OR (95% Cl) for plasma putrescine concentrations

associ in subgroups. Logistic regression.

F: RO es: AAA vs. healthy controls for putrescine.

G: Putresﬂe concentrations of human normal aortas and aneurysmal aortas patients. n=3

per group@sh weight. Student’s t test, * p<0.05.

H: PutrﬂS?BL/GJ mice aortas with 14 days postperfusion of elastase or saline. n=6

per groWsh weight. Student’s t test, * p<0.05.
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Figure 3. A high level of putrescine caused AAA via VSMCs phenotype switching

A-D: Twe*y-elgét-day infusion of Ang Il or saline in three-month-old ApoE-- male mice

challenge ithout 1% putrescine in drinking water.

A: Putresohcentrations of ApoE-- mice plasma challenged with Ang Il or saline. n=6

per group{Studeft’s t test, **p<0.01.

S

B: The timeli putrescine feeding and Ang Il infusion.

U

C: Repre i€ morphology of the aortas.

1

D: The qu igation of maximal suprarenal aortic diameters measured ex vivo, the

incidence |f and the death rate of mice. The red part in a histogram is the incidence

cl

and de AAA model mice. The blue part in a histogram is the non-disease and
surviv of AAA model mice. n=8 for water- administered and n=6 for putrescine-

administered. Student’s t test, *p<0.05.

E-F: Repr e western blotting (E) and quantification (F) from aortas of C57BL/6J mice

or

challenged wi without 1% putrescine in drinking water with 14 days postperfusion of

elastadé® t test, *p<0.05.
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G: Putrescine concentrations of aortas of GSDMDISM22Cre*- and GSDMD" mice with 14

days pW of elastase. FW, fresh weight. Student's t test, n=10 per group,

N
H-J: Fourgn-day postperfusion of elastase in three-month-old GSDMD®ISM22Cre*- male

mice chaI@ith or without 1% putrescine in drinking water. n=6 per group.

H: The tirr%putrescine feeding and elastase induction.
l: Representativ§norphology of the aortas.

J: The qustification of maximal infrarenal aortic diameters measured ex vivo. Student’s t

ram of the putrescine metabolic pathway.
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Figure 4. ODC1 promoted AAA development and inhibition of ODC1 by DFMO rescued

A-B: Repr&western blotting (A) and quantification (B) of ODC1 from aortas of

N
C57BL/6Jgmice with 14 days postperfusion of elastase or saline. n=12 per group. Student’s t

test, *p<0M05.

C

C-D: Rep%ve western blotting (C) and quantification (D) of ODC1 from HASMCs

incubatedSNithout 100 nM Ang Il for 24 h. n=6 per group. Student’s t test, **p<0.01.

E-G: Fouc/ postperfusion of elastase in three-month-old C57BL/6J male mice whose

abdominahﬁperiadventitially infected with Ad-null and Ad-ODC7. n=6 per group.
E: The di adenovirus infection and elastase induction.

F: Rep ative morphology of the aortas.

G: The qL!ntification of maximal infrarenal aortic diameters measured ex vivo. Student’s t

test, n=6 , *p<0.05.

H-I: Reﬂe western blotting (H) and quantification (I) of HASMCs infected with Ad-

null andw for 48 h. n=6 per group. Student’s t test, **p<0.01, **p<0.001.
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J: Putrescine concentrations of HASMCs infected with Ad-null and Ad-ODC 7 for 48 h. n=3

per gro = 1.

{

K-M: Twe&y infusion of Ang Il (1000 ng/min/kg) in four-month-old ApoE-- male

N
mice chalgged with or without 0.5% DFMO in drinking water. n=16 per group.

K: The timgline g§DFMO feeding and Ang Il infusion.

C

L: Repres ive® morphology of the aortas.

LS

M: The q ion of maximal suprarenal aortic diameters measured ex vivo, the

incidence \@f AAA, and the death rate of mice. The red part in a histogram is the incidence

[F)

and deat model mice. The blue part in a histogram is the non-disease and

a

surviv model mice. n=16 per group. Student’s t test, **p<0.01.
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Figure 5. GSDMD stimulated PERK pathway and CHOP promoted transcription of ODC1

A-B: Reprlsen!a!lve western blotting (A) and quantification (B) of ER stress protein

abundanc@as of 14 days postperfusion of elastase. n=6 per group. Student’s t test,

N
* p<0.05, @ 0<0.01, **p<0.001, ns: no significance.

C: The quantification of the ratio of p-elF2a/ elF2a. Student’s t test, ***p<0.001.

C

D: 293T ¢ transfected with CHOP vector or empty vector. A chromatin

S

immunoprecipitation assay was performed using an anti-CHOP antibody with subsequent

U

identificat C1 and GAPDH promoter sequences.

N

E: ChIP D used to perform g-PCR with ODC1 promoter primers. n=5 per group.

d

Student’ %< ().001.

M

F: OD ivity in WT and CHOP-Tg 293T cells, ODC1 promoter activity was measured by

a dual-luciferase reporter system. n=5 per group. Student’s t test, ***p<0.001.

G-H: Rep @ ive western blotting (G) and quantification (H) of ODC1 and CHOP from

or

HASMCs tr; ted with CHOP siRNA or NC siRNA for 48 h. n=6 per group. Student’s t

n

test, **

Aut
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I-J: Representative western blotting (1) and quantification (J) of HASMCs stimulated with 100

nM AngM after transfected with CHOP siRNA or NC siRNA for 24 h. n=6 per group.

Student’s .05, ***p<0.001.

I
K-L: ReprSentative western blotting (K) and quantification (L) of ODC1 and CHOP from

HASMC:s tfansiegted with GSDMD siRNA or NC siRNA for 48 h. n=6 per group. Student’s t

G

test, ** p< &* p<0.001.

M-N: LPSDﬁvated HASMCs transfected with or without GSDMD siRNA showing a

time coursméTOX green uptake (M), and LDH release (N) after 2 h and 4 h.

O: Schemﬁram of GSDMD-PERK-CHOP-ODC1 axis.
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Figure 6. Putrescine switched the phenotype of VSMCs and aggravated inflammation

A: Venn atgram illustrating the predictive transcription factors of several classical genes for

a VSMCs ile.phenotype via PROMO.

B: OPN aw activity in WT and CEBPB-Tg 293T cells, OPN and EREG promoter

activity wag meagured by a dual-luciferase reporter system. n=9 per group. Student’s t test,

C

**p<0.01,F* 2= 01001.

S

C: Representativi western blotting and quantification of C/EBPB and p-C/EBP from
HASMCs Ed with or without 50 uM putrescine for 24 h. n=6 per group. Student’s t

test, *p<0. ***n<(0.001.

D: Rep, ive immunofluorescence staining of C/EBP or p-C/EBP (red) and SM22a
(green)in f -day postperfusion of elastase in three-month-old C57BL/6J male mice

challenged with or without 1% putrescine in drinking water, scale bar=50 pm.

L

E: Represeptative western blotting and quantification from HASMCs stimulated with 50 uM
putrescine after transfected with C/EBP siRNA or NC siRNA for 24 h. n=6 per

group. Student’s t test, *p<0.05, ***p<0.001.

h

Aut
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F: mRNA abundance of inflammation factors in HASMCs incubated with 50 uM putrescine,
C/EBPW NC siRNA for 24 h. n=6 per group. One-way ANOVA and Dunn post hoc

test, *p<0f05, **&0.01, ***p<0.001.

P

N
G: Repreintative western blotting and quantification of NF-kB and p- NF-kB from HASMCs

incubated@vithout 50 pM putrescine for 24 h. n=6 per group. Student’s t test,

**p<0.01.

H: Scheeram of putrescine affection on HASMCs.
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Figure 7. Schematic diagram

|

Schema lagram of the potential mechanism by which GSDMD deficiency confers

putrescin d, VSMCs phenotype switching, and exacerbation of AAA.

1
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