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Aims Aortic aneurysm and dissection (AAD) are high-risk cardiovascular diseases with no effective cure. Macrophages
play an important role in the development of AAD. As succinate triggers inflammatory changes in macrophages,
we investigated the significance of succinate in the pathogenesis of AAD and its clinical relevance.

Methods We used untargeted metabolomics and mass spectrometry to determine plasma succinate concentrations in 40

and results and 1665 individuals of the discovery and validation cohorts, respectively. Three different murine AAD models
were used to determine the role of succinate in AAD development. We further examined the role of oxoglutarate
dehydrogenase (OGDH) and its transcription factor cyclic adenosine monophosphate-responsive element-binding
protein 1 (CREB) in the context of macrophage-mediated inflammation and established p38a"™"“°Apoe™™ mice.
Succinate was the most upregulated metabolite in the discovery cohort; this was confirmed in the validation co-
hort. Plasma succinate concentrations were higher in patients with AAD compared with those in healthy controls,
patients with acute myocardial infarction (AMI), and patients with pulmonary embolism (PE). Moreover, succinate
administration aggravated angiotensin Il-induced AAD and vascular inflammation in mice. In contrast, knockdown of
OGDH reduced the expression of infllammatory factors in macrophages. The conditional deletion of p38a
decreased CREB phosphorylation, OGDH expression, and succinate concentrations. Conditional deletion of p38a
in macrophages reduced angiotensin ll-induced AAD.

Conclusion Plasma succinate concentrations allow to distinguish patients with AAD from both healthy controls and patients
with AMI or PE. Succinate concentrations are regulated by the p38a—CREB-OGDH axis in macrophages.
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Translational perspective

Plasma succinate concentration in patients with aortic diseases including aortic dissection and aortic aneurysm is high. This parameter
may be used as a pre-hospital diagnostic auxiliary index to distinguish aortic diseases from healthy controls, acute myocardial infarction
and pulmonary embolism. Increased plasma succinate leads to dysfunction of mitochondria and increased reactive oxygen species levels
in vasculature, thereby aggravating aortic aneurysm and dissection (AAD). We observed that inhibition of the p38x—cyclic adenosine
monophosphate-responsive element-binding protein 1-oxoglutarate dehydrogenase axis in macrophages reduced their release of suc-
cinate, inhibiting the progression of AAD. Therefore, inhibiting succinate-related pathways such as reducing the plasma succinate con-
tent or inhibiting succinate-induced mitochondrial dysfunction may be used as potential therapeutic targets for AAD.

Introduction

Aortic aneurysm and dissection (AAD) have a prevalence of 1.3-8%
and are associated with high mortality due to acute aortic complica-
tions."™ Sporadic AAD are associated with smoking, hypertension,
old age, and male gender. The pathogenesis of AAD is associated
with inflammation, apoptosis, smooth muscle cell phenotype switch,
and degradation of the extracellular matrix.*> There are no effective
drugs to prevent the occurrence and development of AAD.’
Therefore, it is essential to explore potential therapeutic targets for
AAD.

Succinate plays critical roles in a variety of physiological and
pathophysiological conditions. It accumulates in the myocardium
during myocardial ischaemia and is rapidly oxidized to generate
reactive oxygen species (ROS) with the occurrence of

reperfusion, which led to the death of myocardial cells and
aggravated ischaemia—reperfusion injury.” Dimethyl malonate, by
inhibiting succinate dehydrogenase, improved ischaemia—reperfu-
sion injury during myocardial infarction in mice and pigs.”®
Succinate also plays an important role in maintaining glucose
homeostasis. For example, succinate contributes to intestinal
gluconeogenesis and accelerates adipose tissue thermogen-
esis.”® Succinate released from muscles during exercise con-
tributes to the formation of extracellular matrix and muscle
regeneration.'’ Furthermore, succinate plays an important role
in the pathophysiological process of diseases such as diabetes,
chronic neuroinflammation, osteoclastogenesis, rheumatoid arth-
ritis, systemic lupus erythematosus, and intestinal type 2 immun-
ity."”'® However, the contribution of succinate to AAD and its
clinical relevance remain unclear.
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Macrophages are known to display a diverse array of metabolic
characteristics that depend upon their functional states.'” In M1
inflammatory macrophages, glycolysis is enhanced, whereas the tri-
carboxylic acid (TCA) cycle is interrupted at several key points,
thereby leading to the accumulation of TCA intermediate prod-
ucts. Succinate is an important intermediate product of the TCA
cycle that accumulates in M1 pro-inflammatory macrophages.20
Succinate transported from mitochondria to the cytoplasm inhibits
proline hydroxylase activity, increases the levels of hypoxia-
inducible factor 1-alpha, and induces the expression of interleukin
(IL)-1B. In addition, succinate in mitochondria generates a large
amount of ROS through oxidation by succinate dehydrogenase,
promoting M1 polarization.’

In our current study, we found that plasma succinate concentra-
tions were positively correlated with human aortic diseases and suc-
cinate plays an important role in the pathogenesis of AAD as

demonstrated in three well-established murine AAD models.

Methods

Additional details about the methods are available in the Supplementary
material online. The corresponding author can be contacted for access to
experimental data associated with this study.

Study population

The study was approved by the Institutional Review Board of the Tongji
Hospital (Tongji Medical College, Wuhan, China) and was conducted in
accordance with the Declaration of Helsinki and the International
Conference on Harmonization Guidelines for Good Clinical Practice.
Informed consent was obtained from all participants. The study was a
two-stage (the discovery stage and the replication stage) case—control
study and a total of 1705 participants were included. Patients with aortic
diseases, including aortic dissection (AD) and abdominal aortic aneurysm
(AAA), acute myocardial infarction (AMI), or pulmonary embolism (PE),
were recruited from Tongji Hospital, Tongji Medical College in Wuhan,
China, between January 2014 and September 2020. Blood samples were
collected before emergency surgery and mostly are the first day of admis-
sion. Because of limitation of PE cases, all patients with PE were included
in our cohort. Healthy control subjects who had no significant systemic
diseases (e.g. ischaemic heart disease, cancer, pulmonary disease, or infec-
tious diseases) were recruited from the communities of Wuhan and
Tongji Hospital. All blood samples were collected and plasma was sepa-
rated by centrifugation immediately and stored at —80°C until analysis.

Statistical analyses

Data were analysed using R (version 3.6.3; R Foundation, Vienna,
Austria) and GraphPad Prism version 8.0 (GraphPad Software, San
Diego, CA, USA). Continuous variables with normal distribution are
expressed as the mean + standard deviation (SD). Continuous vari-
ables that did not pass the normality test are expressed as the me-
dian with interquartile range (IQR). Categorical variables are
expressed as numbers and percentages (%). Comparisons between
groups were performed using the Student’s t-test or Wilcoxon test
for quantitative variables and the Fisher's exact test or the
Chi-squared test for categorical variables.

Results

Untargeted metabolomics reveals
elevated plasma succinate concentration

in patients with aortic disease

In the discovery cohort, a total of 20 patients with aortic disease,
including 5 Type A AD, 7 Type B AD and 8 AAA, and 20 age-, sex-,
and comorbidity-matched (including smoking and drinking status, as
well as history of hypertension and diabetes; Supplementary material
online, Table S1) healthy individuals were enrolled and performed
untargeted metabolomics by using Q Exactive HFX orbitrap
(Thermo, CA, USA) (Supplementary material online, Figure S1A-).
Plasma concentrations of 119 metabolites were significantly different
[absolute log, (fold change) > 1, false discovery rate (FDR) < 0.05]
between all patients with aortic diseases and healthy controls (Figure
1A), and a total of 28 metabolites were significant in each subgroups
(Supplementary material online, Figure S1C=G). Of these, succinate
was the most upregulated metabolite (FDR = 1.23 x 107, fold
change = 2.34). This result was also verified by using targeted mass
spectrometry (Supplementary material online, Figure S1)).

In the validation set, data were available for 1665 individuals,
including 700 aortic disease cases (241 type A AD, 374 type B AD,
and 85 AAA), 199 AMI cases, 74 PE cases, and 692 healthy controls.
The baseline characteristics and clinical parameters are shown in
Supplementary material online, Table S2. Succinate concentrations
were elevated in patients with aortic diseases (median: 35.15 pmol/L,
IQR: 23.10-58.42) compared with those in healthy controls (median:
15.30 pmol/L, IQR: 10.67-23.10; Figure 1B, P <2.22 x 10’16). In agree-
ment with the results in the discovery set, succinate levels were
higher in patients with type A AD (median: 38.00 pmol/L, IQR:
24.70-62.80), type B AD (median: 33.60 umol/L, IQR: 23.15-58.05),
and AAA (median: 29.8 umol/L, IQR: 20.40-54.70). As a significant
difference was noted for most of the clinical variables between the
patients and healthy subjects, we used propensity score matching to
minimize differences in baseline characteristics: 190 aortic disease
cases were matched at a 1:1 ratio with 190 healthy individuals. After
this refinement, baseline characteristics were comparable between
the two groups (Supplementary material online, Table S3), whereas a
significant association was still found between plasma succinate con-
centrations and aortic disease status (Supplementary material online,
Figure $2; P<2.22 x 107').

To investigate potential clinical implications of succinate, we
conducted an integrated analysis of the two-stage case—control
cohort data and found individuals with higher plasma succinate
concentrations presented with significantly increased risk of aortic
diseases. Each SD of log-transformed plasma succinate concentra-
tion was associated with a 3.64-fold [95% confidence interval (Cl):
2.94-4.52], 3.71-fold (95% ClI: 2.81-4.92), 3.24-fold (95% Cl:
2.53-4.15), and 2.49-fold (95% CI: 1.69-3.59) increment in the
odds ratio (OR) of all types of aortic disease, type A AD, type B
AD, and AAA, respectively (Supplementary material online, Figure
S3A). Moreover, plasma succinate concentrations remained an in-
dependent predictor even after adjustments for common risk fac-
tors (age, sex, smoking and drinking habits, history of hypertension
and diabetes, and systolic blood pressure) (adjusted model 1, per
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Figure | High level of succinate could increase the diagnostic performance for aortic disease. (A) Volcano plot of plasma metabolites in all patients
vs. healthy controls. (B) Distribution of succinate according to disease status in the validation cohort, before propensity score-matching. (C) Forest
plots showing the adjusted per-standard deviation odds ratio (95% confidence interval) for plasma succinate levels associated with aortic diseases in
subgroups using the integration of discovery and validation cohort data. Binary logistic regression was adjusted for age, sex, smoking and drinking sta-
tus, history of hypertension, diabetes, or systolic blood pressure, and levels of glucose, total cholesterol, and triglycerides. (D) Decision curve analysis:
aortic diseases vs. healthy controls for baseline, succinate, and the combination of baseline and succinate using the integration of discovery and valid-
ation cohort data. Baseline refers to age, sex, smoking and drinking status, and history of hypertension, diabetes, and systolic blood pressure. (E)
Distribution of succinate plasma levels in patients with aortic diseases, acute myocardial infarction, and pulmonary embolism and in healthy controls.
(F) Receiver operating characteristic curves: patients with aortic diseases, acute myocardial infarction, and pulmonary embolism vs. healthy controls
for succinate. (G) Receiver operating characteristic curves: acute myocardial infarction and pulmonary embolism vs. aortic diseases for succinate.

SD OR:4.35, 95% Cl: 3.64-5.25, all aortic diseases), or for the con-
centrations of glucose, lipids (total cholesterol and triglycerides)
and different indicators of disease severity and organ injury (white
blood cell count, alanine transaminase, aspartate transaminase,
creatinine, and estimated glomerular filtration rate) (adjusted

model 2, per SD OR: 3.91, 95% Cl: 3.15—4.94, all aortic diseases). In
general, the associations between plasma succinate concentrations
and all aortic diseases were consistent across different risk strata
subgroups defined by age, sex, smoking and drinking status, or his-
tory of hypertension (Figure 1C).
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Diagnostic performance of plasma
succinate concentrations for aortic
diseases

To determine the utility of plasma succinate concentrations as a
potential biomarker for all aortic diseases, the predictive ability of
succinate was evaluated by using the area under the receiver operat-
ing characteristic curve (AUROC) that gave a value of 0.83 (95% Cl:
0.81-0.85, P=0.006, Supplementary material online, Figure S3B) with
better discriminative performance than baseline module (AUROC =
0.79, 95% CI: 0.76-0.81, reference), which included age, sex, smoking,
drinking, history of hypertension, and diabetes, and systolic blood
pressure. Furthermore, the combined AUROC of these two factors
was statistically higher (AUROC = 0.87, 95% ClI: 0.86-0.89,
P <0.0001).

In addition, the decision curve analysis (DCA) is a novel method
used to evaluate alternative diagnostic strategies that has advantages
over the AUROC method. The DCA curves obtained for baseline,
succinate, and baseline plus succinate conditions are presented in
Figure 1D. Compared with the baseline condition, succinate alone
modestly elevated the net benefit; however, the combination showed
significantly higher net benefits, indicating that plasma succinate test
has a potential clinical application value.

Aortic diseases, AMI, and PE are potentially fatal conditions that
share similar symptoms but require different treatment strategies.
Therefore, it is vital for clinicians to distinguish these three diseases.
Thus, we enrolled 199 patients with AMI and 76 patients with PE to
find whether any biochemical parameters could reliably distinguish
aortic diseases from AMI and PE (Supplementary material online,
Table $4). Plasma succinate concentrations were increased significant-
ly in patients with aortic diseases compared with those in patients
with AMI (median: 12.0 pmol/L, IQR: 8.23-16.85, P<2.22 x 107%)
and PE (median: 15.45 pmol/L, IQR: 11.22-26.8, P<2.22x 107
(Figure 1E). The AUROC values for patients with AMI and PE vs.
healthy controls were 0.63 (0.59-0.67) and 0.53 (0.46-0.60), respect-
ively (Figure 1F). The AUROC values in patients with aortic disease
vs. patients with AMI and PE were 0.91 (0.88-0.93) and 0.80 (0.73-
0.86), respectively (Figure 1G). Therefore, plasma succinate concen-
trations had a positive diagnostic performance and allowed differenti-
ation of patients with aortic disease from healthy controls and
patients with AMI and PE.

Beta-blocker therapy is routine in AAD and could suppress
mitochondrial metabolism, potentially leading to the accumulation of
succinate. We then assessed cross-sectional relationships between
blood succinate levels and presence of AD, stratified by those who
had vs. had not received beta-blocker therapy (Supplementary
material online, Table S5). While blood succinate levels were noted
to be elevated in subjects having AD, there was no difference among
those who had vs. had not received beta-blocker therapy (all patients,
P=0.27, Type A AD, P=0.49, Type B AD, P=0.37, Supplementary
material online, Figure $4).

Succinate aggravates AAD formation in
mice

To determine the role of succinate in AAD, we administered succin-
ate or vehicle control to mice and constructed BAPN/angiotensin
(Ang Il)-induced AAD model (Supplementary material online, Figure

S5A). Succinate administration increased the mortality rate (41.7% vs.
71.4%, Figure 2A and B), AAD incidence (67% vs. 100%, Figure 2C),
and also appeared to increase the diameter of ascending aorta, aortic
arch and descending aorta at 31 days, but with only three animals
remaining in the succinate group, statistical significance is not
reported. Compared with the vehicle control group, succinate ad-
ministration increased aortic pathology as showed by haematoxylin
and eosin (H&E) staining and Elastic Van Gieson (EVG) staining
(Supplementary material online, Figure S5B). Succinate administration
increased the level of ROS in the vasculature (Supplementary
material online, Figure S5C and D).

In a second AAD model, we administered succinate or vehicle
control to Apoef/f mice and then infused Ang Il for 28days
(Supplementary material online, Figure S6A and B). Succinate adminis-
tration elevated AAD incidence from 60% in Ang ll-infused control
animals to 100% in Ang ll-infused succinate-supplemented mice of
AAD (Figure 2E and F). Succinate-administered mice exhibited a sig-
nificant increase in the maximal aortic diameter compared with con-
trol mice (ascending aorta: 1.33 £ 0.18 vs. 1.67 £ 0.29 mm, P=0.0301;
aortic arch: 1.34£0.11 vs. 1.65+0.25mm, P=0.0138; abdominal:
1.66 +0.84 vs. 1.06 £ 0.38 mm, P=0.0490; Figure 2G). Similar changes
were observed in mice infused with Ang Il for 14 days
(Supplementary material online, Figure S7). H&E staining revealed
that aortic medial thickness increased significantly, whereas EVG
staining showed that elastic tissue fibers had increased fragmentation
in succinate-treated animals (Supplementary material online, Figure
S6C). Moreover, immunohistochemistry revealed that the levels of
pro-inflammatory factors such as IL-1f, matrix metalloproteinase-9
(MMP9), IL-6, and tumour necrosis factor (TNF)-a were increased in
the aortic tissues of succinate-administered mice (Supplementary ma-
terial online, Figure S6D and E). Similarly, we also found increased
ROS in succinate-administered Apoe ™’
3 days (Supplementary material online, Figure S6F and G). Notably, we
further confirmed that succinate supplementation aggravated BAPN-
induced AAD (Figure 2H). We found that the incidence of AAD
increased in mice receiving water containing 1.5% succinate (Figure
2[), and aortic diameters were increased (Figure 2). Elastin integrity

~ mice after Ang ll-infused for

was decreased in succinate-administered animals (Supplementary
material online, Figure S8B and C). VSMC-specific smooth muscle a-
actin, calponin, and SM22a (smooth muscle 22 o) were also
decreased in succinate-administered mice (Supplementary material
online, Figure S8D). In line with the above results, succinate adminis-
tration aggravated the manifestations of elastase-induced AAA in vivo
(Supplementary material online, Figure $9).

Inhibition of oxoglutarate dehydrogenase
reduces macrophage-mediated
inflammation

Tannahill et al?® revealed that succinate concentration increased in
macrophages incubated with lipopolysaccharide (LPS), which pro-
moted IL-1B expression and enhanced pro-inflammatory macro-
phage responses. Macrophages can release succinate into the
extracellular environment.” In the TCA cycle, succinate is synthe-
sized by oxidative decarboxylation of alpha-ketoglutarate mediated
by oxoglutarate dehydrogenase (OGDH) (Figure 3A). Interestingly, it
has been proven that OGDH activity in macrophages increased
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Figure 2 Supplementation with succinate aggravates aortic aneurysm and dissection in vivo. (A-D) Four-week-old male mice were administered
with 0.25% BAPN (wt/vol) for 28 days with or without 1.5% sodium succinate (wt/vol) and then infused with saline or angiotensin Il (1000 ng/kg/min)
for 3 days: vehicle + BAPN/angiotensin Il, n = 12; and 1.5% succinate + BAPN/angiotensin I, n = 14. (A) Representative morphology of the aortas for
each group. Scale bar = 2 mm. (B) Survival curve and number at risk, log-rank test. (C) Incidence of aortic aneurysm and dissection for each group.
(D) Measurement of the maximal aortic diameter ex vivo. n=7 for mice administered BAPN/angiotensin Il and n=3 for 1.5% succinate + BAPN/
angiotensin Il (mice died of aortic rupture were not included). (E-G) Nine-week-old Apoe™”~ male mice were infused with saline or angiotensin I
(1000 ng/kg/min) for 28 days with or without 1.5% sodium succinate (wt/vol): vehicle + angiotensin Il, n=10; and 1.5% succinate + angiotensin I,
n=10. (E) Representative morphology of the aortas from different groups of mice. Scale bar = 2 mm. (F) Incidence of aortic aneurysm and dissection
in different groups of mice. (G) Measurement of the maximal aortic diameter ex vivo. n = 6 for mice administered angiotensin |l and n=9 for 1.5% suc-
cinate + angiotensin Il (mice died of aortic rupture were not included). H-J, Three-week-old male mice were administered with 0.25% BAPN (wt/
vol) for 28 days with or without 1.5% sodium succinate (wt/vol): vehicle + BAPN, n=22; and 1.5% succinate + BAPN, n=22. (H) Representative
morphology of the aortas from the different groups of mice. Scale bar = 2 mm. (/) Incidence of aortic aneurysm and dissection from the different
groups of mice. (/) Measurements of the maximal aortic diameter ex vivo. n = 19 for mice administered BAPN and n = 18 for 1.5% succinate + BAPN
(mice died of aortic rupture were not included). Apoe ", apolipoprotein E-deficient; Asc, ascending aorta; Des, descending aorta.

20z Iudy €2 uo 1senb AQ GG81 2£9/ELEV/ZYIZ /P /IEaYINS W00 dNO"OlWapEDE//:SARY WOl POPEOJUMOQ



Succinate and aortic aneurysm/dissection 4379

p < 0.0001
Acetyl-CoA Eeooon 1 " p < 0.0001
! 2.0 p < 0.0001 1.5 —
Oxaloacetate . ) 1
Citrate 15 i -
TCA T | ¢ 3 10 =
Malate h 2 T o *e H
\ cycls a-ketoglutarate g 1.04 ~5 =4 L]
E ’ * : E 0.5 : .
Fume\i:;eIJH OGDH E o1 . EO % 4
Succinate E;.ig ._':_ o Ll
o 0
/ Mitochondrion 0.0- 00 —7T—T— 71—
< N N (7] N 43
ROS ¥ KL & &K
& F & F
IL-1B & & e &

oy

F4/80

NaCl

Ang Il

» P @ R b Nos2
O .90 \00 8 15 T . b 25 <0001
A\ % % g | 51T
OGDH |wes ——— = [116kDa iww;E E‘“ _:._ . g
E |T proye = e F
pro-IL-16 [ME SR S | 31kDa Sosy Ll Eos T
B-actin |WEEES SRS SR | i2kDa § oo — sl ———
‘\Q QQ(\CPQ-{:" on

I Con SP
T 1 L R

B-actin |------ 42kDa

Figure 3 Inhibition of oxoglutarate dehydrogenase (OGDH) reduces the expression of inflammatory factors in macrophages. (A) Schematic dia-
gram of the tricarboxylic acid cycle. B, Representative immunofluorescence staining for F4/80 and OGDH in the suprarenal abdominal aortas from
NaCl- and angiotensin ll-infused mice. Scale bar = 50 pm. Arrows indicate macrophages expressing OGDH. (C and D) Differentially expressed genes
were validated by gqRT-PCR in bone marrow-derived macrophages stimulated with lipopolysaccharide after transfection with negative control (NC)
or siOGDH. Data are pooled from three independent experiments. n = 9 per group. (E) Representative western blot of pro-IL-18 in lipopolysacchar-
ide-stimulated bone marrow-derived macrophages after transfection with NC or siOGDH. (F) Relative succinate abundance in lipopolysaccharide-
stimulated bone marrow-derived macrophages after transfection with NC or siOGDH. Data are pooled from three independent experiments. n =9
per group. (G and H) Differentially expressed genes were validated by qRT-PCR in bone marrow-derived macrophages stimulated with lipopolysac-
charide with or without the addition of succinyl phosphonate. Data are pooled from three independent experiments. n=9 per group (G and H). (/)
Representative western blot of pro-IL-1f in bone marrow-derived macrophages stimulated with lipopolysaccharide with or without the addition of
succinyl phosphonate.
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significantly after LPS stimulation, which promoted succinate accumu-
lation.”* Here, we found that OGDH was increased significantly in
macrophages within AAD tissue sections, suggesting that OGDH
might play an important role in AAD (Figure 3B and Supplementary
material online, Figure $S10). Importantly, knockdown of the Ogdh
gene via siRNA attenuated inflammation in bone marrow-derived
macrophages (BMDMes) stimulated with LPS for 24 h, reducing the
expression of ll1b and Nos2 at the mRNA level (Figure 3C and D), as
well as of OGDH and pro-IL-1f at the protein level (Figure 3E). The
concentration of succinate decreased significantly after Ogdh knock-
down (Figure 3F). Moreover, the addition of succinyl phosphonate, a
specific inhibitor of OGDH, downregulated the expression of [[1b
and Nos2 at the mRNA level and the content of pro-IL-1f at the pro-
tein level (Figure 3G-/).

CREB controls Ogdh transcription

We then focused on the transcriptional regulation of Ogdh
expression in macrophages. According to the chromatin immunopre-
cipitation (ChlP)-seq database (http:/rna.sysu.edu.cn/chipbase3/)*,
transcription factor cyclic adenosine monophosphate-responsive
element-binding protein 1 (CREB) could bind to the promoter region
of Ogdh (Figure 4A). In the dual-luciferase reporter assay performed
to validate these in silico data, overexpression of CREB resulted in the
activation of the Ogdh promoter compared with the results obtained
with vector-control (Figure 4B). CREB bound to the promoter region
of Ogdh in BMDM s according to the ChlIP assay (Figure 4C and D). To
prove that CREB regulates OGDH expression in macrophages, we
knocked down the Creb? gene using siRNA, which decreased
OGDH and pro-IL-1B expression levels in LPS-treated BMDMs
(Figure 4E). Similar results were obtained in BMDMs incubated with
the selective CREB inhibitor 666-15 (Supplementary material online,
Figure ST1A).

We also found that the levels of phosphorylated CREB (p-CREB)
in macrophages were increased significantly in AAD (Figure 4F and
Supplementary material online, Figure S11B—E). Furthermore, expres-
sion levels of CREB and OGDH showed remarkable positive correl-
ation in three independent public aortic disease databases
(Supplementary material online, Figure S11FH).

Phosphorylation of CREB by p38a
increases succinate production and
promotes inflammatory reactions of

macrophages

CREB is a widely expressed transcription factor whose activity is
regulated by a variety of kinases. Previous research reported that,
under LPS stimulation, CREB has been shown to be phosphorylated
by p38a** and we reproduced those observations (Supplementary
material online, Figure S12). We further investigated the role of p38a
in the regulation of succinate production. First, p38a myeloid-deleted
mice (p38o"™ mice) were obtained by crossing p38a-flox mice
(p38a™™ mice) with LysM-Cre mice (Figure 5A). In LPS-stimulated
BMDMs from p38a™ ° mice, the levels of phosphorylated CREB
were lower than in LPS-treated BMDMs from p38a™ animals. These
results support the notion that p38a phosphorylates CREB after LPS
stimulation (Figure 5A). Immunoprecipitation experiments showed
that p38a binds to CREB (Figure 5B). p38a knockout downregulated

OGDH at both the mRNA and protein levels (Figure 5C and D) and
decreased the content of succinate in BMDMs (Figure 5E). We also
found that the expression of pro-IL-1p in p38a'™° BMDMs was
lower than in p38a™" BMDMs (Figure 5F). p38a. deletion impacted ex-
pression of other inflammatory factors in BMDMs stimulated by LPS:
we detected decreases in the expression levels of genes encoding
macrophage pro-inflammatory factors, such as Nos2, Hif1q, Il1b, and
Ccl2 (Figure 5G). The proportion of M1 pro-inflammatory (CD86
positive) macrophages (Figure 5H) and the level of intracellular ROS
(Figure 51) were lower in p38a"™*° BMDM:s than in p38a™™ BMDM:s.
In addition, we constructed a different p38a-deficient macrophage
cell line by using CRISPR-Cas9 technology (Supplementary material
online, Figure S13A and B). Overall, p38a deletion in RAW?264.7 cells
reduced their inflammatory potential (Supplementary material online,
Figure S13C).

p38a deletion in macrophages attenuates
the formation of AAD

We found that p38a expression was significantly increased in human
AAD tissues (Supplementary material online, Figure S14A-D).
Furthermore, we confirmed that p38a was specifically enriched in
macrophages (Figure 6A and Supplementary material online, Figure
S14E—H). Therefore, we explored the role of p38a. in the progres-
sion of AAD. We treated wild-type mice with the specific p38a in-
hibitor SB203580 (Supplementary material online, Figure S15A). This
compound inhibited the progression of AAA induced by elastase
(Figure 6B and Supplementary material online, Figure S15B-D). Next,
we crossed p38a"™ and p38a™" mice with Apoe” ™ mice to obtain
p38a™° Apoe™™ and p38a™" Apoe™~ mice. The incidence of AAD
decreased in p38a™™*° ApoE™'~ mice infused with Ang Il (Figure 6C
and D), and their aortic diameters were smaller than in their wild-
type littermates (Figure 6E). H&E staining revealed that the wall thick-
ness and the loss of smooth muscle cells were less pronounced in
p38a™° Apoe ™ mice than in their wild-type littermates (Figure 6F).
EVG staining revealed that the knockout of p38a in macrophages
prevented the degradation of elastin (Figure 6G).

Macrophage infiltration in AAD, especially that of M1 pro-
inflammatory macrophages (F4/80"/CD2067), was lower in
p38a/™° Apoe™ ™ mice (Figure 6H), indicating weaker aortic inflam-
mation. A similar phenomenon was also observed in mice infused
with Ang Il for either 3 or 7days (Supplementary material online,
Figure $16). Moreover, immunohistochemistry data showed reduced
aortic expression levels of inflammatory factors such as MMP9, IL-6,
monocyte chemoattractant protein-1 MCP1, TNF-a, and IL-1f in
p380™° Apoe™ ™ mice compared with those in p38a™" Apoe ™~ mice
(Figure 6l). Our findings were also supported by the observations in
other AAA models: deletion of p38a in macrophages attenuated
AAA induced by elastase (Supplementary material online, Figure S17).

To definitely prove that the relief of AAA induced by p38 knock-
out was due to the decrease of succinate levels, we examined the ef-
fect of succinate supplementation in p38 knockout mice. In p38a'™<©
BMDMes, concentrations of pro-IL-1B and IL-1B in the supernatant
increased significantly after pre-treatment with 5mM succinate
(Supplementary material online, Figure ST18A and B). In our further
in vivo experiments, p38a™™° Apoe™~ mice received water containing
1.5% succinate (Supplementary material online, Figure S18C), which
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Figure 4 Cyclic AMP-responsive element-binding protein 1 (CREB) regulates oxoglutarate dehydrogenase OGDH expression via direct pro-
moter binding. (A) CREB-binding motifs. (B) Luciferase reporter analysis in 293T cells. Results are presented as the mean % standard deviation. Data
are pooled from three independent experiments. n =11 per group. (C) Chromatin immunoprecipitation-seq assay of the occupancy of OGDH gene
promoters by CREB (data from GSM2663863 dataset). (D) Chromatin immunoprecipitation assay: binding of CREB to the OGDH gene promoter in
bone marrow-derived macrophages. Three independent experiments were performed. (E) Representative western blot of OGDH in bone marrow-
derived macrophages stimulated with lipopolysaccharide for 24 h with or without addition of siCREB. Three independent experiments were per-
formed. (F) Representative immunofluorescence staining for F4/80 and phosphorylated CREB in the suprarenal abdominal aortas from control and

aortic aneurysm and dissection mice. Scale bar = 50 um.

significantly increased AAD incidence rate and maximal aortic diam-
eter (Supplementary material online, Figure S18D—F) compared with
those in mice that received normal water. In addition, wall thickness
and levels of pro-inflammatory factors increased and elastin integrity
decreased in succinate-supplemented mice (Supplementary material
online, Figure S18G and H). Notably, we further confirmed that the
administration of succinate aggravated elastase-induced AAA
(Supplementary material online, Figure S19).

Discussion

AAD is becoming more prevalent among the general population,
and mortality rates associated with its rupture are high. Here, we

found that plasma succinate concentrations were increased in
patients with aortic diseases (AD and AAA) using untargeted
metabolomics and targeted mass spectrometry. Furthermore,
plasma succinate concentrations can be used as a biomarker for
pre-hospital AAD diagnosis and allow reliable differentiation from
AMI and PE when patients present with chest pain. We also found
that succinate administration increased the mitochondrial ROS
level in the vasculature, further aggravated Ang llI-, BAPN- and
BAPN/Ang ll-induced AAD. We discovered that the p38a—CREB-
OGDH axis regulates the production of succinate in macrophages.
Deletion of p38a could inhibit the progression of AAD (Graphical
abstract). Therefore, plasma succinate can be used both as a bio-
marker for AAD diagnosis and a potential target for AAD
therapeutics.
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Figure 5 p38a affects macrophage inflammatory phenotype by regulating the expression of OGDH and succinate via CREB phosphorylation. (A)
Representative western blot of phosphorylated p38a. (p-p380:), total p38a, p-CREB, and total CREB in p38a™" and p38a™™“ bone marrow-derived
macrophages stimulated with lipopolysaccharide for 0, 7.5, 15, 30, 60, or 120 min. (B) The co-immunoprecipitation assay of CREB and p38a in bone
marrow-derived macrophages. (C) Oxoglutarate dehydrogenase (Ogdh) mRNA level was measured by qRT-PCR in p38a™ and p38a'"™ bone mar-
row-derived macrophages stimulated with lipopolysaccharide. Data are pooled from three independent experiments. n=9 per group. (D)
Representative western blot of OGDH in p38a™" and p38a™“ bone marrow-derived macrophages stimulated with lipopolysaccharide. (E) Relative
succinate abundance in p38a™" and p38a™*° bone marrow-derived macrophages stimulated with lipopolysaccharide. Data are pooled from three in-
dependent experiments. n=9 per group. (F) Representative western blot of pro-IL-1p in p38a™" and p38a" ™ bone marrow-derived macrophages
stimulated with lipopolysaccharide. (G) Expression levels of Nos2, l1b, and Ccl2 determined by gRT-PCR in p38a™ and p38u™ ° bone marrow-
derived macrophages stimulated with lipopolysaccharide. (H) Percentage of CD86™" cells determined by flow cytometry in p38a™" and p38a™©
bone marrow-derived macrophages stimulated with lipopolysaccharide. Data are pooled from three independent experiments. n=9 per group. (f)
Dihydroethidium staining of reactive oxygen species in p38a™" and p380""“° bone marrow-derived macrophages stimulated with lipopolysaccharide.
Scale bar = 50 pm.

In the quest for biomarkers of cardiovascular disease, although not
perfect, high-throughput -omics technologies have allowed for the
screening of a large cohort of samples to identify potentially applic-
able circulating markers. In conjunction with functional assessment,
unbiased, untargeted metabolomics has gained traction as a discovery
platform to identify plasma metabolites that could serve as novel
markers of cardiovascular diseases.”>?® In the field of AAD, an

increasingly prevalent disease with high mortality, metabolic profiling
studies are lacking, which hinders our understanding of the biology of
signature metabolites and their contribution to the pathogenesis of
AAD.

Toward that end, our study is the first to apply untargeted metabo-
lomics to delineate the metabolic landscape of patients with AAD.
Very excitingly, we identified succinate as the most significantly
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Figure 6 Macrophage-specific p38a. deficiency attenuates angiotensin Il-induced aortic aneurysm and dissection. (A) Representative immunofluor-
escence staining for CD68 (marker of macrophages) and p38a. in the aortas from healthy individuals and patients with aortic aneurysm and dissection.
(B) Measurement of the maximal suprarenal aortic diameters ex vivo from elastase-treated male mice injected with either SB203580 or vehicle. n =7
for mice administered vehicle and n= 6 for mice administered SB203580. (C—/) 14-weeks-old p38a™" Apoe ™~ and p38u™"“° Apoe ™/~ male mice
were infused with either saline or angiotensin Il (1000 ng/kg/min) for 28 d. p38a™" Apoe ™'~ + saline, n=4; p380"™“® Apoe '~ + saline, n = 4; p38a™™
Apoe ™'~ + angiotensin I, n = 26; and p38a"™*° Apoe ™'~ + angiotensin Il, n = 27. (C) Representative morphology of the abdominal aortas from the dif-
ferent groups of mice. Scale bar = 2 mm. (D) Incidence of aortic aneurysm and dissection in different groups of mice. (E) Measurement of the maximal
suprarenal aortic diameters ex vivo in different groups of mice. p38a™" Apoe ™~ + angiotensin I, n=16; p380"™ Apoe ™~ + angiotensin Il, n=19
(mice died of aortic rupture were not included). Representative images of haematoxylin and eosin (F; scale bar = 100 pm) and Elastic Van Gieson
(G; scale bar = 200 and 50 um, n=7 per group) staining in the suprarenal abdominal aortas of mice, and the grade of elastin degradation. (H)
Representative immunofluorescence staining images for F4/80 and CD206 in the suprarenal abdominal aortas from the different groups of mice.
Scale bar = 100 pum. (/) Representative immunohistochemical staining images for matrix metalloproteinase-9, IL-1p, IL-6, monocyte chemoattractant
protein-1, and tumour necrosis factor-alpha in the suprarenal abdominal aortas from the different groups of mice Scale bar = 50 pm.
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upregulated metabolite in the plasma of patients with AAD when
compared with healthy controls. Importantly, as shown in Figure 1E—
G, succinate plasma level may not only serve as an independent circu-
lating marker for AAD, but can also be utilized as an auxiliary indica-
tor for pre-hospital diagnosis to differentiate patients with AAD from
patients with AMI and PE who present similar symptoms. We recog-
nize that computed tomography and magnetic resonance imaging
remains the preferred imaging modalities for AAD diagnosis and
monitoring; however, they are less applicable for mass screening and
large-scale trials. While current succinate measurement by mass
spectrometry as performed in our study may limit its practical utility
in clinic, a point-of-care testing can potentially be developed for
plasma succinate detection in the future for emergency usage. Of
note, beta-blocker therapy did not increase the concentration of suc-
cinate in the current study. Given the size of this data set, there still
remains a possibility that acute administration of beta-blockers or
other therapeutics makes a partial contribution to the increase in cir-
culating succinate concentration at the time of surgical repair. This
will deserve future confirmation studies using larger patient cohorts
of AAD.

Our study also highlights a previously unknown causal role of high
plasma succinate in driving AAD and may be exploited as a target for
therapy development against AAD. Accumulating studies have impli-
cated a pathological role for succinate in the development of a variety
of diseases such as AMI, autoimmune diseases, diabetes, and chronic
neuroinflammation. In light of our findings, we postulated that high
plasma succinate concentration in patients with AAD plays a promo-
tional role in the development of AAD. As unequivocally demon-
strated in three AAD murine models (Ang Il, BAPN, and BAPN/Ang
1), succinate administration to mice markedly aggravated the AAD
phenotype. Thus, we believe that plasma succinate levels can not
only be used as a biomarker to discriminate AAD from healthy con-
trol and patients with AMI and PE but also be utilized as a potential
target for AAD treatment.

The cellular source of succinate has become increasingly clear.
Previous studies have reported that succinate accumulated in inflam-
matory macrophages and can be released to the extracellular milieu,
such as in rheumatoid arthritis, chronic neuroinflammation, and sys-
temic lupus erythematosus, further accelerates the progression of
diseases.”>1>"” According to the above studies, inflammatory cells,
especially macrophages, accumulate in AAD tissues and may release
succinate into the blood during AAD, causing an increase in plasma
succinate level, which in turn, aggravates the progression of AAD.
With that in mind, we focused our attention on macrophages to de-
termine the requisite importance of succinate and the mechanistic
basis of succinate regulation, in the promotion of AAD. To address
this, we hypothesized that disruption of key pathways of succinate
production in macrophages could inhibit AAD development. The ac-
tivity of OGDH increases in inflammatory macrophages.” In line
with our hypothesis, we found that knockdown of the OGDH gene
can significantly inhibit the accumulation of succinate and secretion of
inflammatory factors in inflammatory macrophages (Figure 3C-E).
The expression of OGDH in patients with AAD also increased signifi-
cantly. These results suggest that OGDH is a potential therapy target
for AAD.

In addition to inflammatory cells, succinate accumulates in ischae-
mic tissues such as heart and brain.” Aortic hypoxic injury may also

occur in diseased states where hypoxia-inducible factor-1a was pre-
viously found to be involved AAD development.*” This suggests that
a relatively hypoxic region is present in the AAD aortic wall which is
likely to be associated with succinate accumulation.®® Therefore, the
release of aortic sources of succinate from AAD would be expected
to occur.

In addition to the host, the gut microbiota is an important source
of succinate.”? Increased abundance of succinate-producing microbes
is positively correlated with elevated plasma succinate concentration
and an increased risk of obesi‘cy.12 However, in our study, it cannot
be ruled out whether elevated succinate plasma levels in patients
with AAD are related to the altered composition of their gut micro-
biota or destruction of the integrity of intestinal barrier. Hence, fur-
ther experiments are needed to determine the major source of
succinate in patients with AAD.

In searching for the potential mechanisms by which succinate pro-
motes AAD, we turned to oxidative stress as it has been implicated
in the development of AAD. It is known that succinate can be taken
up directly by cells to exert its biological functions, such as promoting
intestinal gluconeogenesis and adipose thermo‘,cgenesis.g'10 Indeed, in
our study, administration of succinate increased ROS level in AAD
tissues. These results support the notion that increased plasma suc-
cinate levels in patients with AAD lead to the increased uptake of
extracellular succinate by macrophages or smooth muscle cells. The
succinate is then oxidized by succinate dehydrogenase to produce a
large amount of ROS that aggravates AAD. Thus, it is conceivable
that dimethyl malonate, a competitive inhibitor of succinate dehydro-
genase, can be used to reduce the generation of ROS and alleviate
AAD.

SUCNRT1, the receptor of succinate, is widely expressed in a var-
iety of cells of the immune system, nervous system, heart, and muscle.
Whether the expression or function of SUCNRT1 is altered during
the pathophysiology of AAD is also unknown. The EC50 of succinate
required for the activation of SUCNR1 is ~17-56 uM.*® Our study
determined plasma succinate concentrations to be a median of
153 uM in healthy individuals. However, its level can be as up to
352 uM in patients with AAD. These high plasma succinate concen-
trations can be expected to cause SUCNR1 activation and signal
transduction in macrophages and smooth muscle cells. In our future
study, we will focus on verifying whether the succinate-SUCNR1
axis is involved in the progression of AAD. Using succinate-
neutralizing antibodies to maintain normal plasma succinate concen-
tration may be another possible way to inhibit AAD progression.®’

In summary, our findings reveal that succinate plays an important
role in the pathogenesis of AAD and can potentially be used as a new
biomarker for diagnosis. In mice, inhibiting the p38a—CREB-OGDH
axis in macrophages is sufficient to mitigate AAD. These data provide
a rationale for targeting succinate-related pathways as a new target
for AAD treatment.

Supplementary material
Supplementary material is available at European Heart Journal online.
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