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Aim: Asymptomatic visceral artery aneurysms (VAAs) have increasingly been found, with most being 
either atherosclerotic VAAs or fibromuscular dysplasia (FMD)-associated VAAs. However, little is 
known about the pathogenesis of both diseases. We aimed to identify the differences in the distribu-
tion pattern of lipid molecules between atherosclerotic VAAs and FMD-associated VAAs.
Methods: We conducted a histological study of VAAs using imaging mass spectrometry (IMS) to 
assess the accumulation of lipid molecules in both the aneurysmal sac and the adjacent arteries with-
out aneurysmal changes in 17 VAA samples, which were resected during the surgery.
Results: IMS revealed characteristic distributions of cholesterol ester in intima and media in the ath-
erosclerotic VAAs, which was hardly detected in FMD-associated VAAs. However, lysophosphatidyl-
choline (lysoPC), a proinflammatory and proapoptotic lipid mediator, was accumulated in the 
medial ridge of the adventitia of FMD-associated in the aneurysmal sac, and it was also diffusely 
accumulated in the adjacent arteries. In contrast, lysoPC was accumulated in the area of intimal 
hyperplasia in atherosclerotic VAAs and the adjacent arteries.
Conclusion: The distribution patterns of lipid molecules were different between the FMD-associated 
and atherosclerotic VAAs. The diffuse accumulation of lysoPCs in the visceral arteries may be a pre-
disposition for the formation of FMD-associated VAAs.
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Introduction

Recently, asymptomatic visceral artery aneurysms 
(VAAs) have been increasingly detected incidentally 
because of the frequent use of computed tomography 
(CT). This is clinically important because of the high 
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declaration of Helsinki.

Chemicals and Reagents
2,5-Dihydroxybenzoic acid (DHB) was purchased 

from Bruker Daltonics (Bremen, Germany). All chem-
icals used in this study were of the highest purity avail-
able.

Sample Collection
We included 17 patients who had undergone 

resection of their VAAs and revascularization surgery 
between April 2007 and April 2014 at the Division of 
Vascular Surgery, Hamamatsu University School of 
Medicine. All the patients provided informed consent 
(Table 1), and the study protocol was approved by the 
university’s Ethics Committee of Clinical Research.

The VAA sac tissue and adjacent arteries were 
intraoperatively obtained from patients who under-
went resection of the aneurysms and revascularization 
(Fig.1A). The VAAs were diagnosed, and the indica-
tion for surgery was determined according to the CT 
images (Fig.1B). For control samples, we used the 
right gastroepiploic arteries, which were obtained from 
three patients who underwent gastrectomy due to gas-
tric cancer.

incidence of rupture and life-threatening hemorrhage, 
with mortality rates ranging from 20% to 75% 
depending on the location of the aneurysm1, 2). How-
ever, the pathogenesis remains to be elucidated. Among 
VAAs, atherosclerotic VAAs and fibromuscular dyspla-
sia (FMD)-associated VAAs are the two major causes 
of VAAs2). Clinically, it is difficult to differentiate 
between the two types of VAAs because their morpho-
logical features are similar in preoperative imaging 
modalities. Lately, an emerging technique called matrix-
assisted desorption/ionization imaging mass spectrom-
etry (MALDI-IMS), which can clarify the distribution 
of lipid molecules at the molecular species level in 
each layer of arteries, demonstrated regional distribu-
tion of lipid molecules, such as cholesterol ester and 
lysophosphatidylcholime (lysoPC), in atherosclerotic 
arteries, suggesting that these molecules may play 
important roles in atherogenesis3, 4). Using this tech-
nique, we investigated the accumulation and distribu-
tion patterns of the lipid molecules in the atheroscle-
rotic and FMA-associated VAAs and determined the 
differences in the accumulation patterns between the 
two types of VAAs.

Methods

This study was performed in accordance with the 

Table 1. Demographic and clinical data for patients with visceral artery aneurysm

Atherosclerotic Fibromuscular dysplasia 

Sex (n) (male/female)
Age
Height (m)
Weight (kg)
BMI (kg/m2)
Serum TC (mg/dl)
Serum TG (mg/dl)
CRP (mg/dl)
HbA1c (%)
Maximum diameter (mm) of VAA 
Hypertension (n)
Ever smoked (n)
Aneurysm localization

Hepatic Artery
Renal Artery
Splenic Artery
Gastroduodenal Artery
Pancreaticoduodenal Artery

6/6
63.3±11.3

1.6±0.1
55.1±8.4
21.6±1.6

185.4±27.8
118.0±64.1
0.30±0.53
6.17±1.28

24±0.6
6
8

3
5
1
0
3

1/4
57.8±12.0

1.6±0.1
62.8±10.9
22.8±2.8

190.8±45.3
114.8±57.1

0.13±0.08
5.76±1.23

22±0.7
5
3

1
1
0
3
0

Values are mean±SD unless stated otherwise.
Normal ranges: TC 160–220 mg/dl; TG 80– 150 mg/dl; HbA1c 4.3 –5.8%; CRP ≦0.1 mg/dl. BMI, body 
mass index; TC, total cholesterol, TG, triglyceride.
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A total of 500 µL of dihydroxybenzoic acid solution 
in methanol/water (7/3, v/v) was used as the matrix. 
Specific fragment patterns of phosphatidylcholines 
(PCs), cholesterol esters (CEs), and lysophosphatidyl-
choline were annotated according to previous reports3, 5). 
The accumulation of each molecule was compared as 
a ratio of the molecule’s signal intensity divided by 
that of PC(16:0/18:1), which was therefore detected 
ubiquitously and used as the internal standard mole-
cule.

Statistical Analysis
The data were analyzed using StatView software 

(version 5.0; SAS Institute, Cary, NC, USA). All the 
data are expressed as mean±standard of error. Statisti-
cal analysis was performed using analysis of variance 

Histopathological Analysis of VAAs and Adjacent 
Arteries

Aneurysmal wall sections were consistent with 
maximum diameter in VAAs (Fig.1A, red color). We 
defined arterial wall from a distance of at least 5 mm 
at the aneurysm edge as adjacent artery, which was not 
dilated (Fig.1A, green color). Comparison of histo-
pathological changes was examined using these cross 
sections.

MALDI-IMS
The samples were prepared as previously 

described3). MALDI-IMS was performed using a time-
of-flight type instrument (Ultraflex II; Bruker Dalton-
ics Inc., Billerica, MA, USA). Data were acquired using 
a step size of 100 or 10 µm in the positive ion mode. 

Fig.1. (A) Preparation for histological analysis and matrix-assisted desorption/ionization imaging mass spectrometry (MALDI-
IMS). The arterial tissue was obtained from a patient who underwent aneurysmal resection and revascularization. We ana-
lyzed both the aneurysmal sac and adjacent artery, which is 5 mm from the aneurysm. (B) Computed Tomography (CT) 
revealed visceral artery aneurysms (VAAs), which cannot be distinguished from the fibromuscular dysplasia (FMD)-associ-
ated VAAs and atherosclerotic-VAAs. Two-dimensional (2D) (left) image and three-dimensional (3D) images of CT angiog-
raphy (right). The yellow arrows indicate the aneurysm. Scale bar=30 mm. (C)-(D). Elastica van Gieson staining of the 
adjacent artery (C) and VAA sac (D). Scale bar=400 µm in each left panel. The area in the white box of each left panel is 
magnified in the corresponding panel on the right. Scale bar=200 µm in each right panel.



676 Tanaka et al.

(Fig.3A-C).

Discussion

FMD is a non-atherosclerotic disease of medium-
sized arteries that can cause arterial stenosis, occlusion, 
dissection, and aneurysm5). Unlike atherosclerotic 
VAAs, the accumulation of CE was hardly detected in 
FMD-associated aneurysms and the adjacent arteries 
by MALDI-IMS assessment, which is the only method 
that shows the positioning of accumulated lipid mole-
cules at the molecular species level6). Although the 
cause of FMD is unknown, recent reports identified 
that serum levels of tumor growth factor (TGF)-β1 
and TGF-β2 were elevated in FMD patients7). Con-
sidering that the secretion of TGF-β1 and TGF-β2 by 
fibroblasts derived from FMD patients was elevated, 
TGF-β signaling pathway appears to be involved in 
the disease7). In this study, we determined a character-
istic distribution of lysoPC in FMD-associated VAAs 
in the aneurysmal sac and also in the adjacent arteries. 
LysoPC comprises a long hydrophobic fatty acyl chain, 
large hydrophilic polar choline head group, and potent 
proinflammatory lipid mediator, which is attached to 
a glycerol backbone7). LysoPC is a mediator that regu-
lates TGF-β activation8, 9). Therefore, the accumula-
tion of lysoPC may be associated with the increased 
secretion of TGF-β by fibroblasts in FMD. Interest-
ingly, lysoPC was accumulated in the aneurysmal sac 
and also in the adjacent arteries with no dilatation, 
and it was diffusely accumulated in all layers of the 
arteries. However, lysoPC was focally accumulated in 
the media and medial ridge of the adventitia in the 
aneurysmal sac of the FMD-associated VAAs. This 
suggests that the diffuse accumulation of lysoPC in 
visceral arteries is a predisposition for developing 
aneurysms in FMD patients, although the mecha-
nisms of the changes in the accumulated area of 
lysoPC during aneurysmal development are unknown.

In comparison with FMD-associated VAAs, the 
distribution of lysoPC in atherosclerotic VAAs was 
quite different. The accumulation of lysoPC was 
mainly found in the region of intimal hyperplasia in 
the aneurysmal sac and adjacent arteries. These find-
ings appear to be consistent with previous studies10, 11). 
In intimal hyperplasia, lysoPC is considered to be pro-
duced in the process of low density lipoprotein oxida-
tion mediated by lipoprotein-associated phospholipase 
A2. A study proposed that lysoPC plays an important 
role in homing the inflammatory cells into the area 
and augmenting the inflammatory mediators12). In 
this study, MALDI-IMS clearly demonstrated the 
accumulation of lysoPC in the area of intimal hyper-

for comparison among the three groups (intima, 
media, and advent). Post-hoc comparison was per-
formed using the Tukey–Kramer test.

Results

Preparation for Histological Analysis and MALDI-
IMS

Among 17 cases of VAAs, five were FMD-associ-
ated VAAs and the other 12 were atherosclerotic VAAs 
(Table 1).

Fig.1B shows the representative multidetector CT 
images for FMD-associated and atherosclerotic VAAs, 
which cannot be distinguished from one another using 
the preoperative three-dimensional images (Fig.1B). 
Elastica van Gieson (EVG) staining showed that the 
FMD-associated VAA had thinned media and thick-
ened collagen-containing medial ridges in the adventi-
tia and periarterial tissue. (Fig.1D, blue arrows) All 
the cases in the FMD-associated VAA exhibited simi-
lar findings. Alternatively, the atherosclerotic VAAs 
had thick intimal hyperplasia and thin medial degen-
eration, but adventitia were preserved (Fig.1D, blue 
arrows).

Regarding the adjacent arteries of VAAs, which 
are non-aneurysmal arteries, the adjacent arteries of 
the FMD-associated VAAs appeared to be normal in 
EVG or hematoxylin and eosin (data not shown) 
staining. However, the adjacent arteries of atheroscle-
rotic VAAs showed intimal hyperplasia (Fig.1C, blue 
arrows).

Analysis of the VAAs Using MALDI-IMS
MALDI-IMS revealed the distributions of the 

lipid molecules, including phosphatidylcholine (PC) 
(16:0/18:1), CE(18:1), and lysoPC(1-acyl 16:0), in 
each VAA (Fig.2A). CE, which is an atherogenic mol-
ecule, was accumulated in the intima and media of the 
atherosclerotic VAAs; conversely, it was hardly detected 
in the FMD associated-VAAs (Fig.2A and B). How-
ever, lysoPC was markedly accumulated in the medial 
ridges of the adventitia in the FMD associated-VAAs, 
which was also detected in the intima and media of 
the atherosclerotic VAAs (Fig.2A and C).

Analysis of the Adjacent Arteries of VAAs Using 
MALDI-IMS

Regarding the adjacent arteries of VAAs, lysoPC 
was diffusely accumulated in the intima, media, and 
adventitia of FMD associated-VAAs group (Fig.3A 
and C); alternatively, lysoPC was only observed in the 
intimal hyperplasia of atherosclerotic VAAs group. In 
control arteries, neither CE nor lysoPC was observed 
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Fig.2.
Analysis of the visceral artery aneu-
rysm (VAA) using matrix-assisted 
desorption/ionization imaging mass 
spectrometry (MALDI-IMS).
(A) The distributions of choleterol 
ester (CE) (18:1), phosphatidylcho-
line (PC) (16:0/18:1), and lyso-
phosphatidylcholine (lysoPC) 
(1-acyl16:0) in fibromuscular dys-
plasia (FMD)-associated VAA and 
atherosclerotic VAA are shown. 
Scale bar=100 µm. HE, hematoxy-
lin-eosin staining; In, intima; Me, 
media; Ad, adventitia (B) The ratios 
of CE (18:1) to PC (16:0/18:1) in 
the intima, media, and adventitia in 
FMD-associated VAAs and athero-
sclerotic VAAs. In, intima; Me, 
media; Ad, adventitia. ＊＊P＜0.01 
indicates a statistically significant 
difference. (C) The ratios of lysoPC 
(1-acyl 16:0) to PC (16:0/18:1) in 
the intima, media, and adventitia in 
FMD-associated VAAs and athero-
sclerotic VAAs. In, intima; Me, 
media; Ad, adventitia. ＊＊P＜0.01 
indicates a statistically significant 
difference.
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Fig.3. Analysis of the adjacent arteries of visceral artery aneurysm (VAAs) using matrix-assisted 
desorption/ionization imaging mass spectrometry (MALDI-IMS). (A) The distributions of 
cholesterol ester (CE) (18:1), phosphatidylcholine (PC) (16:0/18:1), and lysophosphatidyl-
choline (lysoPC) (1-acyl16:0) are shown. (B) The ratios of CE (18:1) to PC (16:0/18:1) 
in the intima, media, and adventitia in the adjacent arteries of FMD-associated VAAs, 
atherosclerotic VAAs, and control arteries are shown. In, intima; Me, media; Ad, adventi-
tia. ＊＊P＜0.01 indicates a statistically significant difference. (C) The ratios of lysoPC 
(1-acyl16:0) to PC (16:0/18:1) in the intima, media, and adventitia in the adjacent arteries 
of FMD-associated VAAs, atherosclerotic VAAs, and control arteries are shown. In, intima; 
Me, media; Ad, adventitia. ＊＊P＜0.01 indicates a statistically significant difference.
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Non-Standard Abbreviations 
and Acronyms

visceral artery aneurysm VAA
fibromuscular dysplasia FMD
imaging mass spectrometry IMS
matrix-assisted desorption/ionization imaging mass 
spectrometry MALDI-IMS
computed tomography CT
lysophosphatidylcholine lysoPC
phosphatidylcholine PC
cholesterol ester CE
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plasia in both the aneurysmal sac and the adjacent 
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was also accumulated in the media of the atheroscle-
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extended from the intimal hyperplasia to the medial 
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and macrophage infiltration15). Thus, the inhibition of 
lysoPC accumulation could be targets for pharmaco-
logical intervention to prevent aneurysmal develop-
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Further studies are required to clarify the func-
tion of lysoPC by which the development of VAAs 
formation is promoted. This study identifies a key 
molecule in the pathogenesis of FMD-associated 
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This study demonstrated the differences in the 
distribution patterns of lipid molecules, such as CE 
and lysoPC, between FMD-associated VAAs and ath-
erosclerotic VAAs. The adjacent arteries without aneu-
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accumulation of lysoPC in the visceral arteries may be 
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