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Abstract

Background and Thoracic aortic aneurysms and dissections (TAADSs) are depicted by aortic medial degeneration characterized by glycan-rich

Aims matrix accumulation. Marfan syndrome (MFS) is the most common inherited connective tissue disorder associated with
TAAD. Although vascular smooth muscle cell metabolic dysfunction has emerged as a pathogenic driver of TAAD, surgical
repair remains the mainstay of treatment. This study aimed to investigate the role of the hexosamine biosynthetic pathway
(HBP) in sporadic and genetic TAAD pathophysiology.

Methods Hexosamine biosynthetic pathway activation was analysed in aortas from an MFS mouse model, a B-aminopropionitrile-
induced non-genetic TAAD model, and patients with sporadic TAAD using transcriptomic and metabolomic approaches.
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Conclusions

Aortic dilatation was monitored by ultrasound imaging. Pharmacological inhibition of HBP and integrated stress response
(ISR) was performed to assess their therapeutic potential.

Hexosamine biosynthetic pathway was up-regulated in both an MFS mouse model and B-aminopropionitrile-induced
TAAD, as well as in aortic samples from MFS and sporadic TAAD patients. Enhanced HBP activity contributed to aortic
dilatation and medial degeneration via vascular smooth muscle cell dysfunction and ISR activation. Inhibition of HBP or
ISR reversed these effects in the MFS model.

The HBP—ISR axis drives medial degeneration in TAAD. These findings identify HBP and ISR as a potential target in TAAD of

both genetic and non-genetic origin.

Structured Graphical Abstract

Key Question
What mechanisms drive the accumulation of the glycan-rich matrix in aortic medial degeneration, and contribute to the development of
thoracic aortic aneurysms (TAA)?

Key Finding

* Hexosamine biosynthetic pathway (HBP) metabolites and glycosaminoglycans were elevated in aortic and blood samples from both
Marfan mice and patients.

* Excessive HBP-driven glycosylation triggered the integrated stress response (ISR), leading to reduced protein translation and vascular
smooth muscle cell dysfunction.

Take Home Message
The HBP-ISR axis may be a novel biomarker and therapeutic target for the prevention and treatment of TAA in Marfan syndrome and

related diseases.
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In thoracic aortic aneurysms and dissections, increased activity of the hexosamine biosynthetic pathway (HBP) promotes glycan-rich matrix accu-
mulation via up-regulation of the rate-limiting enzyme glutamine-fructose-6-phosphate transaminase 2 (GFPT?2). Exogenous glucosamine fuels the
HBP, inducing aortic medial degeneration in wild-type mice. This glycan-rich matrix is characterized by a high negative charge, leading to increased
accumulation of cations such as Na" raising osmotic pressure and contributing to medial thickening, elastin fragmentation, and mechanical stress.
Additionally, excessive glycosylation driven by HBP activates the integrated stress response (ISR), reducing the canonical protein translation rate



4990

Rochano-Ortiz et al.

and promoting activating transcription factor 4 (ATF4) translation. Pharmacological inhibition of HBP via DON/FR054 or ISR via ISR inhibitor (ISRIB)
reverses aortic dilatation and medial degeneration in Marfan mice. Circulating HBP metabolites and glycosaminoglycans emerge as potential biomar-
kers in Marfan syndrome (MFS). The metabolic HBP—ISR axis emerges as a promising therapeutic target in thoracic aortic aneurysms and dissections.

Thoracic aortic aneurysm * Marfan Syndrome * Aortic medial degeneration * Hexosamine Biosynthetic pathway ¢

Keywords
Integrated stress response

Translational perspective

The accumulation of a glycan-rich matrix in the aortic media is a histological hallmark of thoracic aortic aneurysms and dissections (TAADs), par-
ticularly in Marfan syndrome. This glycosaminoglycan build-up has a deleterious effect on the micromechanical equilibrium essential for the proper
function of elastic elements and optimal mechanotransduction. However, the precise molecular mechanisms underlying this glycan-rich matrix ac-
cumulation have remained elusive. The hexosamine biosynthetic pathway (HBP) is up-regulated in both non-genetic TAAD and a Marfan mouse
models and patients. Hexosamine biosynthetic pathway contributes to the increase of the glycan-rich matrix in TAAD by supplying metabolites such
as N-acetylglucosamine/N-acetylgalactosamine, thereby promoting aortic medial degeneration and dilatation. Elevated circulating HBP metabolites
and glycosaminoglycans in Marfan patients highlight their potential as novel biomarkers. The excessive glycosylation driven by HBP activates the
integrated stress response (ISR), reducing canonical protein synthesis and promoting vascular dysfunction. Hexosamine biosynthetic pathway me-
tabolites could serve as circulating biomarkers, and HBP—ISR inhibitors may offer new clinical opportunities for treating TAAD in patients.

Introduction

Thoracic aortic aneurysms (TAAs) and dissections (TAADs) represent
a primary cause of morbidity and mortality, highlighting the urgent need
for pharmacological strategies to prevent aortic expansion and rup-
ture." Thoracic aortic aneurysm and dissection progression involves
progressive aortic dilatation driven by vascular smooth muscle cell
(VSMCQC) dysfunction and extensive extracellular matrix (ECM) remod-
elling."* While genetic factors play a pivotal role in approximately one
in four cases, sporadic TAAD might result from hypertension, advanced
age, male sex, or smoking.>* Among inherited forms, Marfan syndrome
(MFS; OMIM #154700), with an incidence of 1 in 5000 individuals,
caused by dominant FBN1 mutations, is the most prevalent.” Marfan
syndrome patients commonly exhibit elongated bones, lens luxation,
and unfortunately, a shortened life expectancy, with TAAD and rupture
responsible for over 90% of MFS-related deaths.® Despite its clinical im-
pact, pharmacologic options for TAAD remain limited, with surgery as
the primary preventive intervention.®’

Vascular smooth muscle cells constitute the predominant cell type
within the aortic medial layer, regulate vascular tone, and maintain
wall integrity. Vascular smooth muscle cells exhibit phenotypic plasti-
city, switching between contractile and secretory states. In the secre-
tory phenotype, VSMCs increase ECM production and remodelling,
altering wall mechanics and promoting aneurysm formation.®~"°

Aortic medial degeneration, formerly termed cystic or medial necrosis
degeneration, stands as a histological hallmark of TAAD."" Initially de-
scribed by Babes and Mironescu in 1910, it has recently acquired significant
attention.'*”"> Aortic medial degeneration is typified by the fragmentation
of elastic fibres, fibrosis, excessive deposition of a glycan-mucoid matrix
rich in proteoglycans (PGs) and glycosaminoglycans (GAGs). The elevated
levels of PGs and GAGs are suggested to contribute to heightened stiffness
and mechanical stress through their osmotic activity within the aortic wall.
Broad research has established associations between aortic medial degen-
eration and hereditary vascular disorders, as well as vascular ageing.'*™"®
Despite its significance, the molecular mechanisms underlying the accumu-
lation of glycan-rich matrix in aortic medial degeneration and its impact on
aortic homeostasis remain poorly understood.'='

Previously, we have established that vascular metabolism contributes
to aneurysm formation and rupture in both, genetic and sporadic

aneurysm.”>*> Here, we hypothesize that hyperactivation of the hexosa-
mine biosynthetic pathway (HBP) drives aortic medial degeneration in
TAAD. The HBP generates substrates for GAG and PG synthesis
as well as post-translational protein modification via O-linked B-N-
acetylglucosamine (O-GlcNac).?*?’ Increased glycosylation driven by
HBP activates the integrated stress response (ISR), which, although initially
protective, leads to maladaptive signalling and cellular dysfunction under
chronic stress.®°

Our study demonstrates that HBP activity drives aortic medial degen-
eration in TAAD. Conversely, treatment with HBP inhibitors restored
aortic homeostasis in a murine model of MFS by reducing glycosylation
levels, aortic medial degeneration, and ISR signalling. Additionally, admin-
istration of an ISR inhibitor in an MFS mouse model reversed TAAD,
thereby improving aortic homeostasis. These findings highlight the po-
tential of HBP and ISR as novel biomarkers, mediators, and therapeutic
targets for the management of TAAD and other related conditions.

Methods

Detailed methods are provided in the Supplementary data online.

Results

The hexosamine biosynthetic pathway is
increased in aortas of a murine model of
Marfan syndrome

To elucidate the molecular mechanisms underlying aortic medial degener-
ation in MFS aortopathy, we re-analysed transcriptomic data from
RNA-sequencing of aortas from Fbn1<'#1%* »
MFS model that replicates key features of the human disease, including
syndromic features, aortic dilatation, and medial degeneration.31 Aortas
from 24-week-old Fbn1"* and Fbn1<"%%"%* mice were analysed,
showing an intermediate stage of TAAD, when a clear aortic dilatation is
observed, although at this age, they do not yet exhibit a terminal-stage an-
eurysm.>>>? Transcriptomic profiling using ingenuity pathway analysis pre-
dicted increased activity of the HBP in the aortas of MFS mice, with a
significant enrichment of genes related to UDP-N-acetyl-D-glucosamine

mice,” a well-established
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(UDP-GIcNAC) biosynthesis (P =.047). Although the HBP accounts for
only 2%-5% of total glucose metabolism under basal conditions, it pro-
duces UDP-GIcNAC, a key substrate for O/N-glycosylation, a cornerstone
for diverse cellular processes. Notably, UDP-GIcNAc is utilized for post-
translational ~ modification  of intracellular  proteins  through
O-GlcNAcylation (O-GlcNac) and also contributes to the synthesis and as-
sembly of essential cellular components, including glycolipids, GAGs, PGs,
and glycoproteins®®?’ (Figure 1A and B).

In MFS aortas, we observed the up-regulation of multiple
HBP-related genes, including the inducible rate-limiting enzyme
Gfpt2 (glutamine-fructose-6-phosphate transaminase 2), as well
as downstream enzymes such as Uap! (UDP-N-acetylglucosamine
pyrophosphorylase 1) and  Gnpat!  (glucosamine-phosphate
N-acetyltransferase 1; Figure 1B). Additionally, the enzymes
O-GlcNAc transferase (Ogt) and O-GlcNAcase (Oga), which mediate
the dynamic cycling of O-GlcNac on a wide array of proteins, were
up-regulated (Figure 1A and B).** Our analysis also revealed an
Golgi  enzymes protein
N-glycosylation, including alpha-1,3-mannosyl-glycoprotein 2-beta-N-
acetylglucosaminyltransferase; Mgat1, Mgat2, Mgat4a, and Mgat5b, in
MFS aortas (Figure 1B). Furthermore, the transcripts of genes, such as
glucosamine UDP-N-acetyl-2-epimerase/N-acetylmannosamine kinase
(Gne), UDP-GIcNAc:BetaGal Beta-1,3-N-acetylglucosaminyltransferase
(B3gnt3), and hyaluronan synthase 1/3 (Has 1/Has3), involved in the bio-
synthesis of N-acetylneuraminic acid, poly-N-acetyllactosamine chains,
Sialyl-Lewis X (CD15s), and hyaluronic acid, respectively; and Cd44
(hyaluronan receptor), were increased in MFS aortas (Figure 1B).
These results were further corroborated by quantitative polymerase
chain reaction analysis of aortic extracts from MFS mice (Figure 1C).
Likewise, elevated Gfpt2 mRNA levels were found in aortic VSMCs
from MFS mice (Supplementary data online, Figure STA). These findings
suggest that the up-regulation of HBP and downstream enzymes may
contribute to medial degeneration in MFS.

Additionally, we conducted an analysis of Gfpt2 mRNA expression
in MFS mice aortas across different ages. Gfpt2 mRNA levels exhibit a
significant increase at the very onset of MFS aortopathy, as early as 4
weeks old, in Fbn1<"%*"“"* mice, even when the aortic phenotype is
barely detectable® (Figure 1D). Confocal immunostaining of MFS
mice aortas further demonstrated an increase in Gfpt2, Uap1, and
O-GIcNACc levels (Figure 1E). Immunoblot analysis of aortic samples
from MFS mice revealed elevated protein levels of O-GIcNAc and
Gfpt2 (Figure 1F;, Supplementary data online, Figure S1B). Wheat
germ agglutinin (WGA) staining, a marker for N-acetylglucosamine
residues predominantly present in the ECM,** revealed enhanced
extracellular glycosylation in the ascending aortas of MFS mice
(Figure 1G).

In an effort to model MFS in vitro, we utilized lentiviral vectors
to silence Fbnl1 expression in primary murine VSMCs®
(Supplementary data online, Figure $1C). Consistent with the tran-
scriptomic data obtained from MFS mice, VSMCs with silenced
Fbn1 (shfbnT) exhibited elevated protein levels of Gfpt2 and Uap1
(Figure 1H; Supplementary data online, Figure S1D), alongside in-
creased Gfpt2 mRNA levels (Supplementary data online, Figure S1C).
Furthermore, shfbn? VSMCs demonstrated increased levels of
0O-GlcNac as determined by immunoblot (Figure 1H; Supplementary
data online, Figure S1D) and enhanced WGA and O-GlcNac staining
analysed by flow cytometry analysis (Supplementary data online,
Figure STE).

These findings suggest that FBN1 deficiency induces abnormal HBP
activity, leading to increased levels of O-GlcNac and WGA staining in

increase in involved in extracellular

MFS aortopathy. These changes may contribute to the observed
increase in GAGs and PGs shown in aortic medial degeneration.

Hexosamine biosynthetic pathway
increase in murine and human sporadic
thoracic aortic aneurysm samples

Both genetic and sporadic TAAD are characterized by aortic medial de-
generation, accompanied by an accumulation of glycan-rich ECM. To
assess whether the activation of the HBP is specific to MFS aortopathy
or also occurs in non-genetic TAAD, we analysed a murine model of
sporadic TAAD induced by treatment with the lysyl oxidase inhibitor,
B-aminopropionitrile (BAPN).>* Four-week-old male mice were trea-
ted with BAPN for 42 days (Figure 2A). This treatment led to a signifi-
cant increase in ascending aortic diameter, exceeding 200% of the
baseline diameter (Figure 2B and C), consistent with the development
of TAAD. Histologically, BAPN administration induced aortic medial
degeneration, characterized by elastin fibre disarray, as revealed by
Elastin van Gieson staining. Additionally, Alcian blue staining demon-
strated the accumulation of GAGs in the aortic wall (Figure 2D). To as-
sess HBP activity, immunoblotting of aortic tissue showed elevated
O-GIcNAc protein levels and expression of Gfpt2 (Figure 2E).
Confocal microscopy further confirmed enhanced O-GlcNAcylation
and WGA staining, indicating increased glycosylation within the aortic
wall (Figure 2F), similarly to MFS mice aortas.

Next, we evaluated whether these findings extend to patients with spor-
adic TAA. Histological analysis demonstrated a significant increase in
0O-GIcNAc, WGA, and GFPT?2 staining in affected human aortic samples
(Figure 2G and H), supporting the notion that HBP activation and enhanced
glycosylation are shared features of both genetic and sporadic TAAD.

Activation of the hexosamine biosynthetic
pathway promotes aortic dilatation and
medial degeneration in wild-type and
Marfan syndrome mice

Given that excessive GAG-glycoprotein accumulation in aortic medial
degeneration is a hallmark of TAAD,"""* we hypothesized that in-
creased HBP activity contributes to the production of metabolites re-
quired for the PG and GAG medial accumulation during TAAD
progression. To investigate this, we treated 20-week-old Fbn1** and
Fbn1€"%*""* mice with glucosamine (GlcN) to fuel HBP (Figure 3A).
Glucosamine is incorporated by the cells, phosphorylated to
glucosamine-6-phosphate through hexokinases and converted to
UDP-GIcNAC**¢ (Figure 1A).

Glucosamine administration in drinking water for 28 days significant-
ly increased ascending aortic diameter in wild-type mice (Figure 3A-C;
Supplementary data online, Figure S2A). Notably, GlcN treatment exa-
cerbated aortic dilatation in Fbn1<'%*"%* mice compared with untreat-
ed controls (Figure 3B and C; Supplementary data online, Figure S2A).
Histology revealed classical features of medial degeneration in
GlcN-treated Fbn1** mice and worsened elastin architecture in
Fbn1€"9%1" ‘such as elastin fibre fragmentation and glycan-matrix ac-
cumulation (Figure 3D and E). Confocal analysis also revealed that
GlcN increased HBP activity by O-GlcNac and WGA in aortic tissue
from Fbn1™* mice (Figure 3F and G).

To elucidate the potential role of GFPT2 up-regulation in the devel-
opment of TAAD and medial degeneration, we transduced primary
murine VSMCs with GFPT2 encoding lentiviral vectors (LV-GFPT?2).
GFPT2 transduction resulted in an increase in O-GlcNac levels
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Figure 1 The hexosamine biosynthetic pathway genes are up-regulated in the aortas of a murine model Marfan syndrome. (A) Schematic of hexo-
samine biosynthetic pathway involvement in O-/N-linked glycosylation and glycosaminoglycan biosynthesis. (B) Heat map of hexosamine biosynthetic
pathway, O-glycosylation, N-linked glycosylation, and GAG-related genes from RNA-sequencing analysis of aortic medial tissue from 24-week-old
Fbn1*"* and Fbn1<"%*"%"* mice (n = 4). (C) Quantitative reverse transcription polymerase chain reaction analysis of Gfpt2, Uap1, Gnpat1, Mgat2, Ogt,
Oga mRNA relative expression in aortic extracts from 20/24-week-old Fbn1<"%"%"* and Fbn1*"* mice. (D) Quantitative reverse transcription polymer-
ase chain reaction analysis of Gfpt2 mRNA relative expression in aortic extracts from 4- or 8-week-old Fbn1<'%*"“* and Fbn1*"* mice. (E)
Representative confocal imaging of Gfpt2, Uap1, O-GlcNac (red); elastin (autofluorescence), and DAPI (4',6-diamidino-2-phenylindole)-stained nuclei
in the ascending aorta from 20-week-old Fbn1<"%*'“* and Fbn1*"* mice (n = 6). (F) Representative immunoblot analysis of O-GlcNac proteins, Gfpt2 in
aortic extracts from 20-week-old Fbn1<'*'* and Fbn1*"* mice (n = 6). Actin was used as a loading control. (G) Representative confocal imaging of
wheat germ agglutinin (grey), smooth muscle actin (Sma, red), elastin (green, autofluorescence), and DAPI-stained nuclei (blue) in the ascending aorta
from 20-week-old Fbn1<"%*"“* and Fbn1*"* mice (n = 6). (H) Representative immunoblot analysis of Gfpt2, Uap1, O-GlcNac proteins in extracts from
primary murine vascular smooth muscle cells transduced with shFbn1 or shScr (ShControl) for 5 days (n = 3). Actin was used as a loading control. Data are

mean =+ standard error of the mean. Student’s t-test. *P < .05, ¥*P < .01, ¥¥*P < 001 vs Fbn1*"* mice
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Figure 2 The hexosamine biosynthetic pathway is increased in the aortas of a murine model of sporadic thoracic aortic aneurysms and dissections and
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days. (B) Evolution of maximal AsAo diameter (mm). (C) Percentage of increase of AsAo compared with baseline. (D) Representative histological stain-
ing of the ascending aorta with Elastin van Gieson and Alcian Blue. (E) Representative immunoblot analysis and quantification of O-GlcNac proteins,
Gfpt2 in aortic extracts from 4-week-old control and B-aminopropionitrile-treated mice. Tubulin was used as a loading control. (F) Representative
confocal imaging of Gfpt2, O-GlcNac; wheat germ agglutinin, elastin (autofluorescence), and DAPI-stained nuclei and quantification (H ), in the ascending
aorta from control and B-aminopropionitrile-treated mice. (G) Representative confocal immunostainings and quantification of O-GlcNac, GFPT2; and
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of control or glucosamine treatment. Discontinuous red lines mark the lumen boundary, scale bar 1 mm. (C) Evolution of maximal AsAo and AbAo
diameter. (D) Representative histologic staining with Elastin van Gieson and Alcian blue in the AsAo and quantification of elastin breaks (E). (F)
Representative confocal imaging of O-GlcNac proteins (red), elastin (green, autofluorescence), and DAPI-stained nuclei (blue) in the ascending aorta
from Fbn1*"* mice treated with or without glucosamine for 28 days (n = 6). (G) Representative confocal imaging of wheat germ agglutinin, Smooth
muscle actin (Sma), elastin (autofluorescence), and DAPI-stained nuclei in the ascending aorta from Fbn1** mice treated with/without glucosamine
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murine vascular smooth muscle cells for 5 days (n = 3). (/) Experimental design, J|-M, 12-week-old C57BL/6 wild-type mice were injected with LV-Mock
or Lv-GFPT?2 lentivectors for 28 days. (/) Evolution of maximal AsAo diameter after inoculation of LV-Mock (control) or Lv-GFPT2 lentiviral vectors.
(K) Representative confocal imaging GFP or GFPT?2, elastin (autofluorescence), and DAPI-stained nuclei in ascending aortas from mice after 30 days of
inoculation of LV-Mock (control) or Lv-GFPT2 lentivectors (n = 6). (L) Representative confocal imaging of wheat germ agglutinin, O-GlcNac proteins
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lentivectors (n = 6). (M) Representative histologic staining with Elastin van Gieson and Alcian blue in the AsAo and quantification of elastin breaks in
ascending aortas from mice after 30 days of inoculation of LV-Mock (control) or Lv-GFPT2 lentivectors. Data are mean =+ standard error of the mean.
Two-way repeated measurements analysis of variance (C, /), by one-way analysis of variance (E) or t-test (M). *P < .05, ¥*¥P < .01, ***P < 001, ****p
<.0001 vs control
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(Figure 3H). In vivo transduction in C57BL/6 wild-type mice (Figure 3I),
resulted in increased GFPT2 expression and aortic diameter enlarge-
ment (Figure 3J; Supplementary data online, Figure $2B). Confocal ana-
lysis confirmed successful GFPT?2 transduction and HBP activation, as
evidenced by increased GFP, GFPT2, O-GIcNAc, and WGA staining
(Figure 3K and L). GFPT2 transduction induced an increase in elastin
breaks and glycan-matrix accumulation (Figure 3M).

These findings together suggest that excessive HBP activity resulting
from GFPT2 up-regulation contributes to the accumulation of glycan
matrix in aortic medial degeneration during TAAD development and
is detrimental to aortic homeostasis.

The hexosamine biosynthetic pathway
plays a critical role in the aortopathy of

Marfan syndrome

To explore the therapeutic potential of inhibiting the HBP in TAAD, we
first targeted the GFPT enzymes, which regulate the rate-limiting step of
HBP. Given the absence of selective inhibitors, we employed
6-diazo-5-oxo-L-norleucine (DON), a well-established glutamine antagon-
ist with high affinity for GFPT enzymes at nanomolar concentrations, over
other glutamine-dependent enzymes (Figure 1A).3"*® We treated
Fbn179*1* or shFbn1 VSMCs with DON (5 nM) for 48 h. 6-Diazo-5-
oxo-L-norleucine efficiently reduced levels of O-GlcNac and WGA, as evi-
denced by immunoblot and flow cytometry analysis (Figure 4A;
Supplementary data online, Figure S3A and B). 6-Diazo-5-oxo-L-norleucine
down-regulated expression of MFS-related genes, such as Tgb1, Fgf2, os-
teopontin  (Spp7), and collagen 1 (Colla?) in shFbn1 VSMCs
(Supplementary data online, Figure S3C).

We next tested whether DON infusion modulates HBP activity during
aneurysm development in 20- to 22-week-old MFS mice over 28 days
(Figure 4B). 6-Diazo-5-oxo-L-norleucine normalized aortic diameter in
Fbn1<"%1%*  mice (Figure 4C and D; Supplementary data online,
Figure S3D), and restored histological features of aortic degeneration, in-
cluding medial thickening, elastic fibre fragmentation, and deposition of gly-
can matrix (Figure 4E and F). O-GIcNAc and WGA levels were reduced in
aortic tissue, as shown by immunoblot and confocal microscopy (Figure 4G
and H). Notably, DON treatment normalizes GAGs and HBP metabolites
in serum, including N-acetylglucosamine/N-acetylgalactosamine (GlcNac/
GalcNac) and GleN (Figure 41). These results indicate that GFPT inhibition
modulates pathogenic relevance to TAAD.

To achieve precise inhibition of the HBP, we employed FR054, a potent
and selective inhibitor of phosphoacetylglucosamine mutase 3—an en-
zyme that converts GIcNAc-6-P to GIcNAc-1-P, (Figure 1A). By disrupting
this critical biosynthetic step, FR054 lowers UDP-GIcNAc levels and re-
duces both N-and O-glycosylation, previously shown to be relevant in can-
cer |:>rogression.39 In vitro, treatment with FR054 efficiently reduced levels
of 0-GlcNAc and WGA in Fbn1¢7%*1* VSMCs, as evidenced by flow cy-
tometry analysis (Figure 5A), and decreased expression of MFS-associated
genes, including Spp1, Fgf2, in aortic VSMCs from Fbn1¢T04167+
(Figure 5B). To assess the in vivo efficacy of FR054, it was infused via osmotic
minipumps in 18- to 20-week-old MFS mice for 28 days (Figure 5C). FR054
normalized Fbn1<"*1"  mice  (Figure 5D;
Supplementary data online, Figure $4) and restored the histological features
of aortic degeneration in MFS, such as elastic fibre fragmentation and
glycan-matrix accumulation (Figure 5E). Moreover, FR054 treatment re-
duced O-GIcNAc and WGA staining in aortic tissue (Figure 5F), serum
GAG levels (Figure 5G), and aortic expression of ColTa? and Kif4 mRNA
in aortas from Fbn1<7%*"<* mice (Figure 5H).

mice

aortic dilatation in

These data indicate that HBP inhibition, decreases serum GAGs and
HBP metabolites, aortic glycosylation levels, thereby reducing aortic
medial degeneration, improving aortic architecture, and restoring
homeostasis in MFS aortopathy.

The integrated stress response is activated
by the hexosamine biosynthetic pathway
in thoracic aortic aneurysm

RNA-sequencing analysis of aortas from 24-week-old MFS mice re-
vealed the activation of endoplasmic reticulum stress pathway (P
=.032, Z-score = 1.342), including increased expression of Atf4, Atf3,
Atf6, Chop, Xbp1, chaperones Hspb1, Hspa5, Hspb7, Dnajc3, and prolyl
4-hydroxylase (P4hb) (Figure 6A). Endoplasmic reticulum stress occurs
when misfolded proteins accumulate, activating the ISR via protein ki-
nase R (PKR)-like endoplasmic reticulum kinase (PERK) phosphoryl-
ation. Under stress, BiP dissociates from PERK, enabling its
phosphorylation and subsequent elF2a phosphorylation, which sup-
presses global translation while promoting selective ATF4 translation.”®
Hexosamine biosynthetic pathway activation via GFPT up-regulation
has been shown to induce ISR.?’ Likewise, DON reduces endoplasmic
reticulum stress induced by GFPT overexpression or GlIcN
treatment.*°

To investigate the relationship between ISR and HBP in VSMCs,
shFbn1-VSMCs were treated with DON for 48 h, which led to reduced
p-elF2a and decreased Atf4 and Atf6é expression (Supplementary data
online, Figure S5A and B). In vivo, 28-day DON treatment in Fbn1<7047¢/*
mice reduced aortic p-PERK, p-elF20, and ATF4 immunostaining
(Figure 6B), consistent with ISR inhibition. Imnmunoblots confirmed de-
creased levels of O-GlcNac, p-Perk, p-elF2a, and Atf4 (Figure 6C), along
with reduced mRNA expression of Atf4 and Atfé; and Atf4-response
gene Tgfb2 (Figure 6D). These data indicate that ISR is activated in
MFS mice and attenuated by DON treatment.

To characterize the molecular impact of DON treatment, we con-
ducted RNA-sequencing analysis on aortas from Fbn1** and
Fbn1¢79*1%" mice treated with or without DON for 28 days (n=4).
6-Diazo-5-oxo-L-norleucine treatment led to decreased expression of
genes associated with the ISR, including Atf4 and its downstream targets
such as Chop, Xbp1, Hsp90b1, Ankrd3, Arhfap23, Hyoul, lars1, Igfp7,
Cyclooxygenase-2 (Ptgs2), and Tgfb2 (Figure 6E). Remarkably, IPA pre-
dicted areduction in the Transforming Growth Factor beta (TGF-f) path-
way activity, with a significant decrease in TGF-B upstream regulator
activation (P=2.57 x 10™""; activation Z-score =—9.913). The DON
treatment down-regulated key MFS-related genes, including Tgfb3,
Cnn2, Serpine1, Thbs1, Pdgf, and the PGs Acan, Vcan, and Sdc4 (Figure 6E).

Similarly, FRO54 infusion for 28 days in Fbn1€"%*1* mice reduced
ISR markers, including p-Perk, p-Eif2a, and Atf4 in aortic immunostain-
ings (Supplementary data online, Figure S6A), as well as Atf4, Atf6, and
Tgfb2 mRNA levels (Supplementary data online, Figure S6B). These find-
ings suggest that HBP inhibition in MFS with either FR054 or DON, sup-
presses ISR signalling in MFS aortas.

To confirm that excessive HBP activity induces ISR in VSMCs, we
analysed p-elF2a and Atf4 and Atf6 levels in VSMCs transduced with
a LV-GFPT2 (Supplementary data online, Figure S5C and D). In vivo,
GlcN treatment or GFPT2-overexpression in wild-type mice for 28
days induced ISR activation, evidenced by an increase in p-Perk,
p-elF20, and Atf4 aortic immunostainings (Figure 6F and G).

These findings indicate that excessive protein glycosylation induced
by HBP triggers ISR signalling in aortas from wild-type and MFS mice.
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boundary, scale bar 1 mm. (D) Evolution of maximal AsAo and AbAo diameter. (E) Representative histological staining with Elastin van Gieson and
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The integrated stress response is involved
in vascular smooth muscle cell dysfunction
in Marfan syndrome

The ISR regulates canonical protein translation rate and orchestrates a
protective response, aiming to maintain cellular homeostasis and organ-
ismal fitness.?® To assess ISR activation in MFS, we transduced VSMCs
from Fbn1<'%*7%"* and Fbn1*"* mice, as well as wild-type shControl
and shfbn1, with a lentiviral ATF4-translation reporter carrying
ATF4-5-UTR  fused to Scarlet fluorescent protein (LV-
ATF4Scarlet).*” Both shFbn1-VSMCs and VSMCs from Fbn1<'041¢*
mice exhibited an increase in Scarlet fluorescence compared with con-
trols, indicating enhanced ATF4 translation (Figure 7A; Supplementary
data online, Figure S7A). Treatment with DON (24 h) reduced
Scarlet fluorescence in VSMCS-an1C7O47G/+, involving HBP in ATF4
translation (Figure 7A).

Next, we evaluated the role of ISR in MFS using the ISR inhibitor
(ISRIB), which reverses the effects of p-elF20 and has been investigated
in various neurodegenerative mouse models.?®*? Integrated stress re-
sponse inhibitor treatment for 24 h in shFbn1-VSMCs reduced levels of
Atf4 and Atf6 mRNA (Supplementary data online, Figure S7B). Likewise,
ISRIB  treatment for 24h decreased Scarlet fluorescence in
VSMCs-Fbn 17947 transduced with LV-ATF4Scarlet, confirming
ISR involvement in ATF4 translation (Figure 7A). Since ISR inhibits ca-
nonical protein translation, via phosphorylation of elF2a, we next as-
sessed translation rate in MFS, using puromycin, an antibiotic that
incorporates into nascent proteins and enables visualization of active ri-
bosomes.**** Following a 5 min puromycin pulse, Fbn1<"%*'<* " dis-
played reduced puromycylated proteins compared with Fbn1*" cells,
indicating lower translation rates (Figure 7B). Conversely, treatment
with DON or ISRIB for 24 h in Fbn1<'%'*"" VSMCs increased
puromycin-labelled proteins (Figure 7B; Supplementary data online,
Figure S8A). Furthermore, FR054 also led to a decrease of Atf4 and
Tgb2 mRNA levels in Fbn1<"%*'“"* VSMCs (Supplementary data
online, Figure S8B).

Subsequently, we evaluated the possible role of ISR in MFS-aortic
pathology in vivo by infusing 20/22-week-old Fbn1<"%*7¢"* mice with
ISRIB for 28 days (Figure 7C). Integrated stress response inhibitor nor-
malized aortic diameter (Figure 7D and E; Supplementary data online,
Figure $8), and improved aortic histology, with reduced elastic fibre
fragmentation and diminished Alcian blue staining in MFS mice
(Figure 7F and G). ATF4 protein levels were decreased, as shown by im-
munostaining and immunoblot (Figure 7H and I) along with decreased
mMRNA expression of IRS-induced genes Atf4, Atfé6, and Tgfb2 (Figure 7).

These data suggest that maladaptive ISR mediates aortic pathology in
MFS aortopathy.

Hexosamine biosynthetic pathway and
integrated stress response axis in aortas

from patients with Marfan syndrome

Next, we investigated whether the involvement of HBP and ISR ex-
tends to MFS patients. Histological analysis of O-GlcNac and WGA
staining confirmed a significant increase in HBP activity in human aortic
MFS samples (Figure 8A and B). In two independent cohorts, MFS pa-
tients exhibited elevated serum and plasma levels of GAGs compared
with controls (Figure 8C). Metabolomic analysis confirmed increased
circulating HBP metabolites, specifically GIcNAc/GalNAc and GlcN in
plasma from MFS patients (Figure 8D). Furthermore, immunostaining
of GFPT2 was significantly higher in the medial layer of MFS patients

compared with controls (Figure 8E and F). Notably, p-PERK, p-EIF2a,
and ATF4 immunostainings revealed robust activation of ISR in MFS pa-
tients (Figure 8E and F).

Taken together, these findings support the notion that the HBP—ISR
axis may serve as important molecular markers and mediators of
aortic pathology in human TAAD. Consequently, the evaluation
of HBP-ISR inhibitors for the treatment of TAAD is warranted

(Figure 8G).

Discussion

Despite the high incidence and mortality associated with TAAD, no
pharmacological treatments currently prevent disease progression or
dissection. Current pharmacological approaches focus on blood pres-
sure control using B-adrenergic blockers or the angiotensin I
receptor-1 antagonist losartan, which can slow aortic dilatation but
does not prevent dissection.*>* Consequently, TAAD management
relies on surgical prophylactic repair, which carries substantial peri-
operative mortality and morbidity.*’” There is a clear need to identify
molecular drivers of TAAD to develop targeted therapies."’

We demonstrate that glycoprotein, PG, and GAG accumulation in
TAAD is driven by enhanced HBP activity (Structured Graphical
Abstract). Hexosamine biosynthetic pathway is a minor branch of glu-
cose metabolism responsible for protein glycosylation.” Although glu-
cose flux through the HBP is minimal in homeostasis, it significantly
increases in pathologies such as diabetes, cancer and cardiac hyper-
trophy.2® Acting as a nutrient-sensing pathway, HBP integrates multiple
metabolic pathways such as sugars (glucose), amino acids (glutamine),
nucleotides (UTP), and fatty acids (acetyl-CoA),% influencing signalling
pathways, including mTOR and AMPK, which contribute to patho-
physiological alterations in aortic aneurysms.*8=>°

GFPT catalyses the conversion of glutamine and fructose-6-
phosphate into glucosamine-6-phosphate and glutamate. There are
two mammalian paralogs of GFPT: GFPT1 and GFPT2, which share a
high degree of sequence similarity, ranging from 75% to 80%. GFPT2
is expressed and induced in various cell types, including mouse embry-
onic stem cells and cardiomyocytes, macrophages. Notably, GFPT2 has
been identified as a biomarker for poor prognosis in some malignan-
cies*?”" Unlike GFPT1, GFPT2 synthesizes glucosamine-6-
phosphate more slowly but is not vulnerable to UDP-GIcNAc feedback
inhibition. GFPT2 is inducible by Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB)>* and TGF-B>* pathways, while
GFPT1 is ubiquitously expressed.”” Additionally, GFPT?2 is involved in
a TGF-B-pathway positive feedback loop that amplifies Protein kinase
B or AKT?® and TGF-B>* signalling pathways in cardiac fibrosis and
hypertrophy. Importantly, we found that both murine and human
MFS show a marked increase in GFPT2 expression.

Our primary objective was to inhibit Gfpt2, given its elevated expres-
sion levels in MFS aortas. In the absence of specific inhibitors for GFPT,
we utilized DON, a potent glutamine antagonist known to inhibit glyco-
sylation processes.”*® Our results indicate that glutamine metabolism
is involved in MFS pathology. Subsequently, to achieve a more precise
inhibition of the HBP, we employed FR054, which specifically targets
a central enzyme in the HBP.3® Notably, the effects of FRO54 treatment
were comparable with those observed with DON. As an alternative ap-
proach, we increased exogenously HBP activity in wild-type animals by
overexpressing GFPT?2 via lentiviral vectors or administering oral GlcN.
Both approaches mimicked the aortic medial degeneration of the
MFS-aortic phenotype.
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<.01 or ¥**P < 001 for Fbn1<"%*7"* vs Fbn1""*; #P < .05 or ###, ##P < 01, P < 001 for Fbn1"%*"“* FR054 vs Fbn1'7"*
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Figure 7 Integrated stress response contributes to vascular smooth muscle cells dysfunction and aortic pathology in Marfan syndrome mice. (A)
Representative confocal imaging of Scarlet fluorescence in primary vascular smooth muscle cells from Fbn1<"%*'“* and Fbn1*"* mice transduced
with LV-ATF4Scarlet after 3 days treated with vehicle, 6-diazo-5-oxo-L-norleucine or integrated stress response inhibitor for 48 h (n=3). (B)
Representative confocal imaging of puromycinylated proteins and smooth muscle actin Sma, in primary vascular smooth muscle cells from
Fbn1<1%*1%"* and Fbn1™* mice incubated with puromycin for 5 min and treated with vehicle, 6-diazo-5-oxo-L-norleucine or integrated stress response
inhibitor for 48 h (n = 4). (C) Experimental design, A—E, 20/22-week-old Fbn1<'*'“* and Fbn1*"* mice were infused with vehicle or integrated stress
response inhibitor in minipumps for 28 days. (D) Evolution of maximal ascending (AsAo) and abdominal (AbAo) diameter. (E) Representative aortic
ultrasound images after 28 days of control or integrated stress response inhibitor treatment. Discontinuous red lines mark the lumen boundary, scale
bar 1 mm. (F) Representative histologic staining with Elastin van Gieson and Alcian blue in the AsAo and quantification of elastin breaks after 28 days of
vehicle or integrated stress response inhibitor infusion (G). (H) Representative confocal imaging of Atf4, elastin (autofluorescence), and DAPI-stained
nuclei in the ascending aorta from Fbn1*"* and Fbn1<'%*?“"* mice treated with/without integrated stress response inhibitor for 28 days (n=4). (I)
Representative immunoblot analysis and quantification of Atf4 in aortic extracts from Fbn1<"%*'“* and Fbn1*"* mice with vehicle or integrated stress
response inhibitor for 28 days. (/) Quantitative reverse transcription polymerase chain reaction analysis of Atf4, Atf6, and Tgfb2 mRNA relative expres-
sion in aortic extracts from Fbn1<"%*'%"* and Fbn1*"* mice infused with vehicle or integrated stress response inhibitor for 28 days. Data are mean +
standard error of the mean. Two-way repeated measurements analysis of variance (B) or one-way analysis of variance (G, J, I) or *¥P < .01, ***P < 001,
for Fbn1'%*'%"* vehicle vs Fbn1""* vehicle; #P < .05, ##P < .01, ####P < 0001 for Fon1<"%*"“* ISRIB vs Fbn1<"%*"“"* vehicle
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Figure 8 The HBP-ISR axis is up-regulated in Marfan syndrome patients. (A) Representative confocal immunostainings and quantification (B) of
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Inhibition of HBP by DON or FR054 reduced TGF-B-dependent
gene expression in MFS aortas, suggesting HBP may reinforce
TGF- signalling in a feedforward loop. While no isoform-specific
inhibitors for GFPT1 or GFPT2 are available, our data support the
development of selective GFPT2-targeted therapies. Given that
GFPT1 maintains basal HBP flux essential for homeostasis, selective
inhibition of GFPT2 may provide a more specific strategy to block
disease-associated glycosylation. However, the potential conse-
quences of pharmacological inhibition or genetic deletion of GFPT2
remain unknown, and its exact role in cellular homeostasis is not
fully understood.

UDP-GIcNAc fuels both O-GlcNAcylation and N-linked glycosylation.
O-GlcNAcylation, catalysed by OGT, modifies cytoplasmic and nuclear
proteins, often blocking phosphorylation. O/N-linked glycosylation oc-
curs in the endoplasmic reticulum and Golgi, with further processing
by MGAT enzymes and subsequent matrix secretion. Moreover,
UDP-GIcNAc serves as a donor substrate for the biosynthesis of
GAGs, including hyaluronic acid, heparan keratan, and chondroitin sul-
phate.>>> Increased expression of HAS1/3, GNE, and PGs in MFS sug-
gests that HBP up-regulation drives ground substance accumulation in
medial degeneration. Glycosaminoglycans and PGs are highly negatively
charged molecules that play important roles in maintaining the structural
integrity of the ECM. Their negative charge allows them to maintain elec-
troneutrality by attracting cations such as Na®, which in turn causes an
influx of water molecules, leading to swelling of the aortic media. The ac-
cumulation of PGs and GAGs has profoundly deleterious consequences
in the aortic media, as it breaks the delicate micromechanical equilibrium
that allows for proper function of the elastic elements and optimal me-
chanotransduction by the VSMCs.*8° The interstitial content of PGs/
GAGs in aortic media is essential to maintain a specific level of wall hy-
dration, enabling it to withstand cyclic compression while concurrently
sustaining tension in the elastic elements and their connections with
VSMCs.>® This emphasizes the importance of comprehending the struc-
tural alterations underlying aortic medial degeneration within the con-
text of TAAD pathogenesis.®’ On the other hand, GAG and PG
medial pooling disrupts VSMC anchorage, favouring phenotypic switch
and Anoikis.*> Inhibiting HBP by DON has been shown to impact
the ECM by reducing levels of thrombospondin, hyaluronic acid and col-
lagen.®*¢* We observed reduced levels of GAGs and PGs by modulating
vascular metabolism via DON or FR054 treatments. This reduction may
alleviate stiffness, swelling, elastin breaks, and mechanical stress in the
aorta, which might contribute to TAAD development. Further research
is needed to fully elucidate the mechanisms by which GAGs and PGs
contribute to aortic degeneration and how they interact with other
components of the ECM to affect aortic biomechanics and integrity.>"*"

Dynamic post-transcriptional O-GlcNAc modification of several cel-
lular proteins plays a pivotal role in biological processes, including cell
proliferation, autophagy, apoptosis, stress responses, epigenetics, me-
tabolism, transcription, and protein trafficking.*®> Notably, important
transcription factors implicated in TAAD pathogenesis, such as MYC,
P53, and HIF1A,% are protected from degradation by 0-GlcNac modi-
fication. Both types of glycosylation, along with their respective en-
zymes involved are increased in mouse and human TAAD aortas.
However, further investigation is warranted to elucidate the specific
roles of O-GIcNAc and N-linked glycosylation in different aspects of
TAAD development. Our findings suggest that N-acetylhexosamines
and GAGs levels are elevated in the blood of both mice and patients
with MFS, suggesting their potential as molecular markers for TAAD
disease. These elevated levels imply dysregulation in glycosylation path-
ways, likely contributing to the pathogenesis of TAAD. Further

investigation is essential for identifying glycosylated proteins in blood
and aortic tissue, as this may elucidate the two branches of the glyco-
mics landscape within TAAD and their correlation with the stage of
aortic degeneration. Such exploration holds promise for uncovering
novel molecular pathways, biomarkers, and potential therapeutic
targets.

We have observed that GlcN treatment increased HBP-derived gly-
cosylation markers in wild-type mice to levels comparable with those
found in MFS aortas. Furthermore, GlcN exacerbates aortic medial de-
generation in MFS mice. Previous studies have shown that GlcN induces
endoplasmic reticulum stress and consequently activates the ISR in the
context of diabetic atherogenesis.®® Additionally, GIcN is currently
used as a dietary supplement to alleviate inflammation in osteoarthritis
and joint pain in elderly patients, although its benefits remain unclear.®’
Given that many MFS patients suffer from joint pain, GlcN supplements
might be recommended. However, despite using higher doses than typ-
ical supplements, our data raise concern about its potential vascular
risk. Further studies are needed to assess the safety of GlcN in patients
predisposed to vascular diseases.

Vascular ageing is noticeable by distinct histological changes, including
arterial medial degeneration evidenced by medial calcification and dis-
array in elastin fibres.68¢? Indeed, it has been described that HBP and
O-GlcNac are increased in aortas, the heart, skeletal muscle, and the
brain from aged rats.”® Cardiac ageing is also associated with GAG ac-
cumulation secondary to increased HBP activity.”" Previous studies re-
late senescence in MFS mice aortas.”>’* Therefore, the augmentation
of HBP throughout the ageing process might significantly contribute
to vascular senescence and associated pathological features in TAAD.

Integrated stress response is activated by diverse cellular stresses, includ-
ing endoplasmic reticulum stress, haem deficiency, viral infection,and amino
acid deprivation, through four converging kinases.”> Hexosamine biosyn-
thetic pathway exhibits critical crosstalk with the endoplasmic reticulum
stress and therefore, ISR pathways, playing a pivotal role in maintaining pro-
teostasis.****”"7* Elevated HBP activity has been shown to promote ISR
activation by increasing the phosphorylation of key mediators, such as
PERK and elF2q, canonical translation inhibition, and consequently leading
to ATF4 translation.”””* In the context of TAAD, sustained ISR activation
may lead to VSMC dysfunction and apoptosis. Although the precise me-
chanisms remain unclear, excessive HBP flux may alter endoplasmic reticu-
lum homeostasis via hyperglycosylated protein aggregate accumulation.
Further research is warranted to explore whether targeting ISR signalling
may represent an effective therapeutic approach not only for TAAD but
also for other vascular disorders such as cerebral or abdominal aortic an-
eurysms.”®”” Understanding the broader role of the HBP—ISR axis in vas-
cular disease may reveal novel therapeutic strategies.
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