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K-134, a phosphodiesterase 3 inhibitor, reduces vascular

inflammation and hypoxia, and prevents rupture of experimental

abdominal aortic aneurysms
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ABSTRACT
Objective: Abdominal aortic aneurysm (AAA) is a chronic inflammatory disease, which frequently results in fatal rupture;
however, no pharmacologic treatment exists to inhibit AAAgrowth and prevent rupture. In this study, we investigatedwhether
K-134, anovelphosphodiesterase3 inhibitor, could limit theprogressionandruptureofAAAusingmultipleexperimentalmodels.

Methods: A hypoperfusion-induced AAA rat model was developed by inserting of a small catheter and via tight ligation of
the infrarenal aorta. Rats were fed with a 0.15% K-134-containing diet (K-134(þ) group) or a normal diet (K-134(-) group)
from 7 days before the experiment to 28 days after model creation (pretreatment protocol). After the administration
period, elastin fragmentation, macrophage infiltration, reactive oxygen species expression, matrix metalloproteinase
levels, aneurysmal tissue hypoxia, and adventitial vasa vasorum (VV) stenosis were assessed. In the delayed treatment
protocol, rats with AAA >3 mm were randomly divided to K-134(þ) or K-134(-) group 7 days after model creation, and the
effect of K-134 on suppressing preexisting AAA was examined. Further, elastase-induced rat model and angiotensin II-
infused ApoE-/- mouse model were also used to examine the ability of K-134 to prevent rupture.

Results: K-134 prevented AAA rupture and significantly improved survival in the pretreatment protocol (P < .01). In the
K-134(þ) group, elastin degeneration was prevented; macrophage infiltration and reactive oxygen species production
were significantly decreased. At 14 days, the enzymatic activity of matrix metalloproteinase-9 was significantly decreased.
Further, K-134 inhibited intimal hyperplasia and VV stenosis. Expressions of hypoxic markers, hypoxia-inducible factor-1a,
and pimonidazole, in the aneurysmal wall were also attenuated. In the delayed treatment protocol, K-134 also improved
survival of rats with preexisting AAA. Similarly, in the elastase-induced rat model and angiotensin II-infused ApoE-/-

mouse model, K-134 inhibited rupture and significantly improved survival (P < .01).

Conclusions: K-134 prevented the rupture of AAA and improved survival through suppressing inflammatory reaction.
The inhibition of intimal hyperplasia in the adventitial VV may be associated with reduced hypoxia in the aneurysmal
tissue. (JVSeVascular Science 2020;1:219-32.)

Clinical Relevance: This study shows that K-134, a novel phosphodiesterase 3 inhibitor, suppressed abdominal aortic
aneurysm (AAA) rupture. Considering that K-134 had already undergone a phase II study in the United States for clau-
dication in peripheral artery occlusive disease patients with good tolerance, K-134 may become a promising new ther-
apeutic option for AAAs and could undergo clinical trials for patients with small AAA.
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Abdominal aortic aneurysm (AAA) is a common disease
among elderly people with a 4.8% prevalence in the gen-
eral population.1 The majority of patients remain asymp-
tomatic until AAA rupture occurs. Surgical treatments,
such as open repair with prosthetic graft replacement
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ommended for patients whose AAA are >55 mm in
diameter. Without surgery, AAA progresses to rupture,
leading to a high mortality (30%-50%). However, there
exists no medical treatment for AAA patients for
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ARTICLE HIGHLIGHTS
d Type of Research: Rodent model
d Key Findings: A novel phosphodiesterase 3 inhibitor
K-134 suppressed aneurysm growth and inhibited
the rupture of multiple rodent aneurysm models.
K-134 was associated with decreased inflammatory
macrophage infiltration, production of reactive oxy-
gen species, and tissue hypoxia.

d Take Home Message: K-134 acts as an antiplatelet,
anti-inflammatory, and antiatherosclerosis agent. K-
134 is a promising agent for abdominal aortic aneu-
rysm therapy and should be evaluated in future clin-
ical trials.
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suppressing AAA growth or inhibiting its rupture.2 Partic-
ularly for patients whose AAA are <50mm in diameter or
for patients whose AAA are too large and considered un-
suitable for surgical intervention, there is no other treat-
ment option except for the monitoring its growth.
Therefore, anti-AAA drugs without adverse effects even
after prolonged use are warranted. To develop such ther-
apy, the pathologic target of AAA should be identified.
AAA is a complex,multifactorial disease characterized by

the chronic inflammation of the aortic wall, along with the
accumulation of macrophages and the degeneration of
the extracellularmatrix. The excessive expression ofmatrix
metalloproteinases (MMPs), particularly MMP-2 and MMP-
9, is reported to be responsible for extracellular matrix
degeneration.3 Experimental studies using animal models
of aortic aneurysms have obtained promising results, and
several drugshavebeen tested in clinical trials. Thesedrugs
are categorized as antihypertensive (eg, calcium channel
blockers,4 propranolol,5 angiotensin-convertingenzyme in-
hibitor [perindopril6], angiotensin receptor blocker [telmi-
sartan7], antibiotics [doxycycline8] antiplatelet agent
[ticagrelor9], aldosterone antagonist [ephlerenone10], anti-
lipidemic agent [fenofibrate11,12], and anti-inflammatory
agents, including anti-IL-1b antibody agent [canakinu-
mab13],mast cell inhibitor [pemirolast14], and immunosup-
pressant [cyclosporine15]).16Unfortunately, favorable results
have not been obtained to date.
K-134, (-)-6-(3-{3-Cyclopropyl-3-[(1R,2R)-2-hydroxycyclo-

hexyl]ureido}-propoxy)-2(1H) -quinolinone, synthesized
as a selective phosphodiesterase 3 (PDE3) inhibitor
(Fig 1, A), has been shown to exhibit more potent anti-
platelet activity than the classical PDE3 inhibitors,
including cilostazol, milrinone, and amrinone.17,18 Cilosta-
zol has been demonstrated to inhibit aneurysmal growth
in experimental aneurysm models, such as an elastase-
induced model or angiotensin II-infused ApoE-/- mouse
model.19,20 Similarly, K-134 has shown antithrombotic
and antiatherosclerotic effects. According to a phase II
dose-ranging study involving patients with intermittent
claudication owing to peripheral artery occlusive disease
(PAD), K-134 improved walking performance in the per
protocol population with good tolerance.21

Therefore, in this study, we hypothesized that K-134 can
inhibit the development and prevent the rupture of AAA.
Using a hypoperfusion-induced rat AAAmodel, we aimed
to determine the effect of K-134 on the inhibition of AAA
rupture through pretreatment before its initiation and
delayed treatment for preexistingAAA,which ismore clin-
ically relevant for patients with small AAA. Our findings
may lead to future clinical trials for AAA treatment.

METHODS

Ethics statement
All study protocols were reviewed and approved by the

Animal Care and Use Committee of Hamamatsu
University School of Medicine and were performed in
accordance with the guidelines of the Guide for the
Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH publication No.
85-23, revised 1996). All surgeries were performed
through the intraperitoneal administration of an anes-
thetic mixture (medetomidine 0.15 mg/kg, midazolam
2 mg/kg, butorphanol 2.5 mg/kg body weight/rat) and
all efforts were made to minimize suffering.

Blood pressure monitoring
Preliminary, systolic blood pressure was measured us-

ing a sphygmomanometer (BP-98A, Softron, Tokyo,
Japan) with a tail cuff system to examine the effect of
K-134 on blood pressure. Ten rats were fed with either a
0.15% K-134-containing diet (K-134(þ) group) or a normal
diet (K-134(-) group) for 7 days before the experiment.
Afterward, five rats in each group were placed in a small
holder mounted on a thermostatically controlled warm-
ing plate and maintained at 37�C. From 10 AM until 6 PM

the next day, systolic blood pressure was monitored
(Fig 1, B).

Drugs and experimental schedules in hypoperfusion-
induced rat AAA models
K-134 (molecular weight ¼ 399.48 g/mol) was obtained

from Kowa Company, Ltd (Tokyo, Japan) as a drug sub-
stance. Sprague-Dawley male rats (300-350 g; Japan
SLC, Inc, Shizuoka, Japan) were used. The rats were
reared at room temperature (25 6 1�C), with free access
to feed and water.
For the pretreatment protocol (Fig 1, C), administration

of K-134 was started 7 days before surgery for the
hypoperfusion-induced AAA model (day 0) (n ¼ 23).
Both groups fed with or without K-134 and were
observed for 28 days after day 0.
For the delayed treatment protocol (Fig 1, D), rats were

fed with a normal diet for 7 days after surgery. At day 7,
rats with an AAA of >3.0 mm in diameter, identified us-
ing ultrasound examination (Fig 1, E), were chosen and



Fig 1. Treatment protocol for hypoperfusion-induced abdominal aortic aneurysm (AAA) rat model. A, Structural
formula of K-134 (-)-6-(3-{3-Cyclopropyl-3-[(1R,2R)-2-hydroxycyclohexyl]ureido}-propoxy)-2(1H)-quinolinone. B,
Blood pressure measurement. Transition of systolic blood pressure (SBP) throughout the day with/without K-134
treatment (n ¼ 5 per group). C, K-134 pretreatment protocol. The K-134(þ) group (n ¼ 23) was fed with a 0.15% K-
134-containing diet, whereas the K-134(-) group (n ¼ 23) was fed with a normal diet. The administration of K-134
started 7 days before the surgery (day 0), and both groups were observed for 28 days after day 0. D, Delayed K-134
treatment protocol. Rats were fed with a normal diet for 7 days after surgery. At day 7, rats with AAA >3.0 mm in
diameter identified using ultrasound examination (E) were chosen and randomly divided into two groups: the K-
134(þ) group, which was fed with a 0.15% K-134-containing diet (n ¼ 21), and the K-134(-) group, which was fed with
a normal diet (n ¼ 21). Both groups were observed for 28 days after day 0. F, Representative images of ruptured
aneurysm, with the arrow indicating the rupture site, from rats without K-134 treatment. Scale bar ¼ 10 mm.

JVSeVascular Science Unno et al 221

Volume 1, Number C



222 Unno et al JVSeVascular Science
2020
randomly divided into two groups: the K-134(þ) group
was fed with a 0.15% K-134 containing diet (n ¼ 21) and
a K-134(-) group fed a normal diet (n ¼ 21). Both groups
were observed until day 28, and surviving rats were hu-
manely killed using anesthesia.

K-134 plasma concentrations
Five rats were fed with a 0.15% K-134-containing diet

7 days before surgery. After the surgery, the 0.15% K-134
diet was administered for 14 days. Blood from these
rats was taken during the daytime without fasting, and
plasma obtained. K-134 concentrations were measured
using high-performance liquid chromatography on day
0 (Kowa Company, Ltd). Plasma K-134 concentrations at
day 0 (7-day pretreatment with K-134) were 1894.3 6

1987.8 ng/mL, which was almost equivalent to the phar-
macokinetics when K-134 30 mg/kg was orally adminis-
tered to rats under nonfasting conditions in a single
dose per day.22 These K-134 plasma levels were enough
to improve the hindlimb circulation and gait disturbance
in the rats.22,23 Based on the data of the pharmacoki-
netics of K-134 mentioned above, a phase II trial was
performed in the Unites States to examine the effect of
K-134 on improving the peak walking time in patients
with peripheral artery disease.21

Creation of the hypoperfusion-induced AAA model
The surgical procedure to induce the hypoperfusion of

the aortic wall was performed as previously
described.24,25 Briefly, after laparotomy via a ventral
midline abdominal incision, the aorta was separated
from the periaortic tissue by peeling off the retroperito-
neal fat from the aortic adventitia, which blocks blood
flow from the perivascular tissue. Aortotomy involving a
small incision adjacent to the renal artery branches was
performed, and a polyurethane catheter was inserted
into the infrarenal aorta. After repairing the incision, a
tight ligation of the aorta over the catheter blocked the
vasa vasorum (VV) blood flow from the proximal direc-
tion through the aortic wall without disturbing the aortic
blood flow. This technique can help to develop an
infrarenal AAA, which has morphologic and pathologic
characteristics similar to those of a human AAA.24 Subse-
quently, 20% to 40% of the rats died of AAA rupture
within 28 days after the surgery. Fig 1, F, shows a repre-
sentative image of a ruptured AAA in the K-134(-) group,
which underwent the pretreatment protocol.

Creation of other established aneurysm models
Elastase-induced rat model. We created an elastase-

induced model using Sprague-Dawley male rats (300-
350 g; Japan SLC, Inc). After laparotomy and aorta
exposure, a polyethylene catheter was threaded into the
aorta until its tip was resting in the isolated segment.
Temporary ligatures were placed proximally and distally,
and the aorta was perfused with 20 mL (30 U) porcine
pancreatic elastase (1.5 U/ mL in saline; Sigma-Aldrich, St.
Louis, Mo) through the catheter without any aortic
expansion for 10minutes. Afterward, the residual infusate
was aspirated; the tubing was withdrawn; and the aor-
totomy was closed using a 5-0 nylon suture. Then, the
rats were placed in warming cages to recover and were
similarly pretreated with or without K-134. They were fed
either an 0.15% K-134-containing food or normal food
7 days before the model creation and continuously fed
for 28 days (n ¼ 11 in each group).
Angiotensin II-infused ApoE-/- mouse model. Sponta-

neously hyperlipidemic apolipoprotein E-deficient
(ApoE-/-) 18- to 20-week-old male mice (C. KOR/Stm slc-
Apoe shl, Japan SLC, BALB/c background) were used to
establish a model of suprarenal aortic dissection and
aneurysm.26,27 Mice fed a standard rodent chow were
randomly treated with angiotensin II (Ang II; Sigma-
Aldrich) in saline (1000 ng/kg/min) using miniosmotic
pumps (Alzet Model 2004, Durect Corp., Cupertino, Calif)
implanted beneath the dorsal skin. They were
anesthetized with 2% isoflurane inhalation. Mice were
similarly pretreated. They were fed with either 0.15% K-
134-containing food or normal food for 7 days before the
model creation and continuously fed for 28 days (n ¼ 20
in each group).

Measurement of aortic diameter using ultrasound im-
aging and specimen preparation
After surgery, the maximum diameter of the infrarenal

abdominal aorta of each rat was measured using ultra-
sound imaging (Vevo770, Visual Sonics, Toronto, Ontario,
Canada) under anesthesia with a mixture of medeto-
mide, midazolam, and butorphanol. This examination
was performed 7, 14, 21, and 28 days after the surgery.
All diameter measurements were performed by a single
investigator blinded to study group assignment. At day
28, surviving rats were humanely killed via isoflurane
overdose. The aorta from the distal arch to the terminal
aorta was harvested, and the aortic samples were frozen
in isopentane and stored at �80�C until use. Twenty-
three and 21 rats in each group were used for the pre-
treatment experiment and delayed treatment,
respectively.

Elastic fragmentation score
Destruction of the medial elastin was graded as I (mild),

II (moderate), III (high), and IV (severe).28 Grade I samples
showed mild disruption of the medial layer elastic
network with only the external elastic lamina (EEL) dis-
rupted, whereas grade II samples showed moderate
disruption, with both the EEL and outer medial layer
broken or degraded. Grade III was characterized by
high disruption, with the EEL and both medial elastic
layers showing breakage and/or degradation. Grade IV
was characterized by severe disruption, with all four
elastic layers showing signs of breakage and/or degrada-
tion. The aortic diameter, which is the maximum
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distance from one EEL end to another, was determined
by tracing contours on digitized images. Specimens
from the surviving 23 rats in each group from the pre-
treatment protocol were used for the assessment. Elastic
fragmentation score was assessed by a single investi-
gator blinded to the study group assignment.

Immunohistochemistry
The abdominal aortae of the 23 surviving rats in each

group from the pretreatment protocol were harvested
and cut using a cryostat (CM1950; Leica) into 8-mm-thick
sections. The sections were fixed with 4% paraformalde-
hyde in phosphate-buffered saline (; pH 7.4) for 10minutes
at room temperature. After rinsing with phosphate-
buffered saline, the sections were preincubated with
10% normal goat serum (Nichirei Biosciences, Tokyo,
Japan) and incubated overnight at 4�C with mouse anti-
CD 68 (Abcam, Cambridge, UK), rabbit anti-MMPs
(Abnova, Taipei, Taiwan), rabbit anti-hypoxia-inducible
factor (HIF)-1a (Novus Biologicals, Littleton, Colo), and anti-
pimonidazole mouse IgG1 monoclonal antibody (Hypo-
xyprobe, Inc, Burlington, Mass). Immunoreactivity was
visualized using Alexa Fluor 594-conjugated anti-mouse
immunoglobulin G and Alexa Fluor 488-conjugated anti-
rabbit immunoglobulin G (Molecular Probes, Invitrogen,
Carlsbad, Calif). All Alexa-fluoroconjugated secondary an-
tibodies were diluted 200-fold. The slides were mounted
in a glycerol-based Vectashield medium (Vector Labora-
tories, Burlingame, Calif).

Detection of reactive oxygen species
Specimens from the 23 surviving rats in each group

from the pretreatment protocol were used for the assess-
ment. Abdominal aortae were harvested and cut using a
cryostat (CM1950; Leica) into 8-mm-thick sections. The
sections were incubated at room temperature with
Oxidative Stress Reagents (CellROX, Life Technologies
Japan Ltd, Tokyo, Japan), which are fluorogenic probes
designed to reliably measure the content of reactive ox-
ygen species (ROS). The slides were then counterstained
with 40 , 6-diamidino-2-phenylindole, and histologic im-
ages were analyzed using an inverted microscope
(BZX-700, KEYENCE, Osaka, Japan). Fluorescence inten-
sity was quantified using the Hybrid cell count BZ-H2C
software (KEYENCE).

Gelatin zymography
AAA samples were harvested at day 14 of the pre-

treatment protocol in the K-134(þ) group and K-134(-)
group (n ¼ 4 each). The aortic tissues were homoge-
nized using RIPA buffer (Nacalai Tesque, Kyoto, Japan),
and the protein concentrations of each lysate was
measured using a TAKARA BCA Protein Assay kit
(TAKARA, Shiga, Japan) and H1MF Synergy H1 (BIOTEC,
Tokyo, Japan). An equal concentration of protein
(3 mg/mL) was applied to the samples as a substrate
for MMP activity. The proteolytic activities of MMP-2
and -9 were examined via gelatin zymography using
a gelatin-zymography kit (Cosmo-Bio, Tokyo, Japan) ac-
cording to the manufacturer’s instructions. For quanti-
tative analysis, densitometric analysis was performed
using Fiji (an open-source platform for biological im-
age analysis) with ChemiDoc Touch Imaging system
(BIO RAD, Buckinghamshire, Berkeley, Calif). MMP ac-
tivity levels were compared with MMP markers and
then expressed as a fold difference. Comparisons
among the sham (n ¼ 3), K-134(-), and K-134(þ) groups
were performed.

VV patency
Elastica van Gieson staining was performed to stain

elastin. The luminal border and EEL in each adventitial
VV were traced at the same magnification. The size of
the VV was measured as the total area bound by the
EEL, and the lumen patency was measured as the ratio
of the luminal area to the total area bound by the EEL
in each VV as previously reported.29

Histologic morphometry
Histologic images were analyzed using an inverted

microscope (KEYENCE), and quantification was per-
formed using the Hybrid cell count BZ-H2C software
(KEYENCE). The number of macrophages (CD68þ cells)
was determined by counting all immune-stained cell
counts per aortic cross section. The levels of HIF-1a,
MMPs, and pimonidazole were evaluated using immu-
nohistochemical staining, and staining images were
analyzed using the Image J software (National Insti-
tutes of Health, Bethesda, Md). We evaluated three
cross-sections from each tissue sample taken at 100-
mm intervals and calculated the mean. We set a
threshold to compute for the area positive for each
protein and then calculated the ratio of the positive
area to the total aortic area.

Statistical analysis
Data analyses were performed using the SPSS soft-

ware (v23; IBM, Armonk, NY). All continuous variables
are presented as the mean 6 standard deviation.
One-way or two-way analysis of variance and nonpara-
metric Mann-Whitney tests were utilized to determine
the statistical differences for normally and non-
normally distributed data, respectively, in the sham,
K-134(-), K-134(þ) groups. Post hoc comparisons were
performed using Tukey’s test. Kaplan-Meier analysis
and statistical comparisons were performed using the
log-rank test to test the difference in aneurysm mortal-
ity between two groups. A P of <.05 was considered
significant.

RESULTS
K-134 did not affect blood pressure. The systolic blood

pressure of rats showed no significant changes between
the K-134(þ) and K-134(-) groups. The 0.15%
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K-134-containing diet had no effect on rat blood pressure
(Fig 1, B). Plasma K-134 concentrations at day 0 (7 days of
K-134 pretreatment) and day 14 (7 days after surgery with
K-134 containing diet) were 1894.3 6 1987.8 ng/mL and
371.0 6 112.4 ng/mL, respectively.

K-134 inhibited AAA progression and improved sur-
vival in the hypoperfusion-induced aneurysm rat model
(pretreatment protocol). The incidence of AAA in both
the K-134(-) and the K-134(þ) groups was 100% (Fig 2, A).
The AAA samples at day 28 showed infrarenal saccular
aneurysm (Fig 2, B). The aortic outer diameter was
significantly larger in the K-134(-) group than in the K-
134(þ) group at day 14 (5.18 6 1.39 mm and 4.18 6 1.31 mm,
respectively; P < .01) (n ¼ 22 each, because one rat died of
rupture in each group) (Fig 2, C). In the K-134(-) group,
ruptures occurred on days 14, 16, 19, 20, 21, 21, 21, 22, 23,
and 23 after surgery, and two rats died on days 17 and 24
for unknown reasons (survival rate of 56.5%). In contrast,
in the K-134(þ) group, ruptures occurred on days 14 and
19 after surgery, and one rat died on day 21 for unknown
reasons after surgery (survival rate of 87.0%) (Fig 2, D).
Overall, K-134 significantly inhibited aneurysm rupture
and improved the survival (P < .01).

K-134 decreased medial disruption, mural macro-
phage infiltration, and ROS generation. Medial elastin
degradation is a critical histologic feature of AAAs. Histo-
logic assessment revealed that medial elastic lamellae
were significantly preserved in AAA on day 28 in the
K-134(þ) group treated with K-134 (Fig 3, A). Massive
accumulation of macrophages was observed in both the
media and adventitia of the aneurysmal wall
(Fig 3 and B), and K-134 treatment significantly reduced
thismacrophage accumulation. Similarly, hypoperfusion-
induced generation of ROS was decreased in the
aneurysmal wall in the K-134(þ) group (Fig 3, C).

K-134 decreased MMP activity in the aneurysmal wall.
The activities of all MMPs (ie, pro-MMP-2, MMP-2, pro-
MMP-9 and MMP-9) were increased compared with
those in aorta harvested from sham rats at day 28. In
contrast, K-134 treatment significantly inhibited the
elevation of pro-MMP-9 and MMP-9 activities
(Fig 4, A and B). Histologic morphometry revealed that K-
134 treatment decreased MMP-9 expression in the
aneurysmal tissue (Fig 4, C).

K-134 treatment prevented neointimal formation of
adventitial VV in AAA wall. At day 28, the adventitial VV
in the hypoperfusion-induced aneurysm showed steno-
sis with proliferation of smooth muscle cells (SMCs). We
found that the adventitial VV in the aneurysmal sac with
normal diet (n ¼ 13) was significantly stenotic in com-
parison with that of sham rats (n ¼ 5). K-134 treatment
(n ¼ 20) significantly prevented VV stenosis compared
with nontreated rats (Fig 5, A).
K-134 attenuated expression of hypoxia markers
HIF-1a, and pimonidazole, in the aneurysmal wall. The
expressions of HIF-1a and pimonidazol were both atten-
uated in the K-134(þ) group compared with the K-134(-)
group, suggesting that K-134 attenuated hypoxic condi-
tions in the aneurysmal wall (Fig 5, B and C).

K-134 inhibited progression of hypoperfusion-induced
aneurysm and improved survival in the hypoperfusion-
induced aneurysm rat model (delayed treatment
protocol). We then assessed whether K-134 suppressed
aneurysm progression and prevented rupture after AAA
formation through a delayed treatment protocol. The
aortic diameters of the rats before surgery (day 0) were
1.60 6 0.11 mm and 1.59 6 0.12 mm in the K-134(-) group
(n¼ 21) andK-134(þ) group (n¼ 21), respectively,withno sig-
nificant difference. At day 7, aortic ultrasound images
revealed that the incidence of an AAA of >3 mm was
100%. At day 28, the aortic outer diameter was significantly
larger in theK-134(-) group than in theK-134(þ) groupatday
14 (6.256 1.03mmand 4.836 1.09mm, respectively; P< .01)
(Fig 6, A). In theK-134(-) group, ruptures occurred ondays 14,
16, 16, 17, 17, 19, 19, 20, 21, 24, 26, and 27 after surgery and one
rat died on day 14 for unknown reasons (survival rate of
38.1%) in K-134(-) group. In contrast, in the K-134(þ) group,
ruptures occurred on days 20, 22, 26, 27, and 27 after sur-
gery, and one rat died on day 22 for unknown reasons after
surgery (survival rate of 71.4%) (Fig 6, B). K-134 significantly
inhibited aneurysm rupture and improved survival (P< .01).

K-134 treatment improves survival in other established
aneurysm models. In the elastase-induced rat AAA
model, at day 28, the survival rate of the K-134(-) group
(n ¼ 11) was 45.5%, whereas that of the K-134(þ) group
was 72.7% (n ¼ 11) at the same day (Fig 6, C). In the
angiotensin II-infused ApoE-/- mouse aneurysmmodel, at
day 28, survival rate of the K-134(-) group (n ¼ 10)
was 50%, whereas that of the K-134(þ) group was 75.0%
(n ¼ 15) at the same day (Fig 6, D).
All cases of fatality were due to the bleeding of the

abdominal cavity owing to aneurysmal rupture. These re-
sults suggested that K-134 treatment might be effective
in inhibiting aneurysm rupture and improving survival
on multiple animal models

DISCUSSION
In this study, we demonstrated that K-134 treatment was

effective in preventing the progression of aneurysms in
not only a hypoperfusion-induced AAA rat model, but
also other established models, namely, elastase-induced
rat AAA and angiotensin II-infused ApoE-/- mouse aneu-
rysm models. Furthermore, using the delayed treatment
protocol in the hypoperfusion-induced rat model, K-134
prevented AAA rupture and improved survival in preexist-
ing AAA (>3 mm in diameter). K-134-induced aneurysm
inhibition was associated with the relative preservation
of the aortic architecture and reduced inflammation.



Fig 2. A, Representative ultrasound images of the aorta and AAA with/without K-134 treatment at day 0 and day
28. B, Representative photographs of AAA at day 28 (pretreatment) with/without K-134 treatment. Grid size ¼
10 mm. C, The aortic outer diameter of abdominal aortic aneurysm (AAA). The aortic diameter was significantly
suppressed in the K-134(þ) group compared with the K-134(-) group at day 14 (5.18 6 1.39 mm and 4.18 6 1.31 mm,
respectively; P < .01). D, Kaplan-Meier survival curves in rats with/without K-134 treatment showing that K-134
treatment significantly improved survival. Data are presented as the mean 6 standard deviation. K-134(þ) group
(n ¼ 23); K-134(-) group (n ¼ 23).
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K-134 is a novel PDE3 inhibitor that exhibits antiather-
osclerosis properties because of its antiplatelet, antith-
rombus, and vasodilator effects. Its antiplatelet activity
has been shown to be more potent than cilostazol,18 a
commercial drug available for >30 years.30 However,
the cellular mechanisms underlying these have not
been fully elucidated. PDE3 inhibitor increases intracel-
lular levels of cycle adenosine monophosphate (cAMP)
and cyclic guanosine monophosphate and activate the
cAMP-protein kinase A (PKA) pathway. The activation



Fig 3. Effect of K-134 on abdominal aortic aneurysm (AAA) pathology. Treatment with K-134 suppressed medial
elastin degradation, macrophage accumulation, and reactive oxygen species (ROS) production at day 28 (pre-
treatment protocol). Comparisons among the sham (n ¼ 3), K-134(-) group (n ¼ 13), and K-134 (þ) groups (n ¼ 20)
are shown. Scale bar ¼ 100 mm. L, lumen. T, thrombus. *P < .05 vs sham; #P < .05 vs K-134(-). A, Representative
images of elastin. Medial elastic disruption was scored as mild (1), high (3), and severe (4). B, Representative images
of immunofluorescence staining for macrophage (indicated by green and arrows) and 40 , 6-diamidino-2-
phenylindole (DAPI) (blue). Merged images showed that macrophage was accumulated in the media and
adventitia. The number of macrophages (CD68þ cells) was counted on each aortic section. C, Representative
images of ROS activity (indicated by green) and DAPI (blue). Merged images showed that K-134 treatment
significantly decreased ROS activity in the hypoperfusion-induced AAA rat model.
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of the cAMP-PKA pathway can upregulate the peptide
intermedin (IMD; also known as adrenomodulin-2) in
the endothelium.31 IMD can inhibit oxidative stress
and reduce neointima formation by the SMCs.32 It
also causes vasodilation and inhibits the proliferation
of aortic SMCs,33 which is beneficial to inhibit VV steno-
sis and maintain tissue perfusion. IMD can attenuate
AAA development in Ang-II-induced ApoE-/- mouse
aneurysm models by inhibiting oxidative stress.34 The
activation of the cAMP-PKA pathway may also exert
pivotal effects on anti-inflammation. A previous study
speculated that the activation of the cAMP-PKA
pathway in endothelial cells could enhance the integ-
rity of the endothelial barrier in the aortic wall, and
that the PDE3 inhibitor may inhibit macrophage accu-
mulation in the aortic media by enhancing the endo-
thelial barrier integrity through reducing
inflammation in Ang-II-induced ApoE-/- mouse aneu-
rysm models.20 Taken together, the antiplatelet,
anti-inflammatory, and antiatherosclerosis effects of
K-134 may be attributed to the activation of cAMP-
PKA pathway. However, most of these mechanisms
were suggested based on the results obtained from
experimental animal models. Therefore, further studies
to confirm these cellular mechanisms using human
AAA samples are warranted.
When K-134 was developed, its initial targets were

stroke patients and claudicants owing to PAD. Indeed,
a 2012 phase II study in the United States, Russia, and
Japan performed as a double-blinded, randomized,
placebo-controlled trial assessed the safety, tolerability,
and efficacy of K-134 in patients with claudication sec-
ondary to PAD. The trial demonstrated that K-134 had a
safe profile and improved the patients’ treadmill-
walking performance, similar to the effects of cilosta-
zol.21,35 During the trial, minor side effects, such as
palpitation (4.8%) and headache (7.1%), occurred in the
trial participants.21



Fig 4. Gelatin zymography of the activities of matrix metalloproteinase (MMP)-2 and -9 and the immunohisto-
chemical analysis of MMP-9 in the aorta. Comparisons among the sham (n ¼ 3), K-134(-) (n ¼ 4), and K-134(þ) (n ¼ 4)
groups are shown. Aortic samples were harvested at day 28. (A) Gelatin zymography. B, Quantitation of the ac-
tivities of pro-MMP-9, MMP-9, pro-MMP-2, and MMP-2 obtained using gelatin zymography. *P < .05 vs sham; #P <
.05 vs K-134(-). C, Representative images of immunofluorescence staining for MMP-9 (indicated by green) and 40 , 6-
diamidino-2-phenylindole (DAPI) (blue). Merged images showed that K-134 treatment significantly decreased the
MMP-9 activity in the hypoperfusion-induced abdominal aortic aneurysm (AAA) rat model. Bar scale ¼ 100 mm. L,
lumen.
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Because the intraluminal thrombus (ILT) of AAA was
identified to contain many inflammatory cells, ILT may
induce aortic wall inflammation.36 The volume of the
thrombus has also been found to be associated with
AAA growth.37 Histologic studies revealed multiple layers
in the intramural thrombus of AAA,38 which suggests
that thrombin generation and fibrin formation were
repeated during AAA growth. Focal thrombolysis or
bleeding into the organized thrombi may also be associ-
ated with layer formation. These repetitive protease



Fig 5. Effect of K-134 treatment on the adventitial vasa vasorum (VV) intimal hyperplasia and tissue hypoxia in
abdominal aortic aneurysm (AAA). K-134 ameliorated VV intimal hyperplasia and attenuated hypoxia in the
hypoperfusion-induced aneurysmal wall at day 28 (pretreatment protocol). Comparisons among the sham (n ¼ 5),
K-134(-) (n ¼ 13), and K-134 (þ) (n ¼ 20) groups are shown. L, lumen. *P < .05 vs sham; # P < .05 vs K-134(-). A,
Representative images of the adventitial VV with Elastica van Gieson staining. Scale bar ¼ 20 mm. Lumen patency
of the VV was measured as the ratio of the luminal area to the total area bound by the EEL in each VV. K-134
treatment significantly suppressed VV stenosis owing to intimal hyperplasia in the hypoperfusion-induced AAA
rat model. B, Representative images of immunofluorescence staining for HIF-1a (indicated by green). K-134
significantly suppressed HIF-1a expression. Scale bar ¼ 100 mm. C, Representative images of immunofluorescence
staining for pimonidazole (indicated by green). K-134 significantly suppressed pimonidazole expression. Scale
bar ¼ 100 mm.
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activities inherently produce inflammation.39 The pres-
ence of thick ILT may prevent the luminal perfusion of
oxygen from the aortic blood flow to the aortic wall,
thus causing the aortic tissue to be hypoxic.
Vorp et al40 reported that thicker ILT was associated
with localized tissue hypoxia, neovascularization, and
inflammation in the human AAA wall.
Accordingly, antiplatelet therapy has recently been

highlighted as a possible pharmacologic treatment to
suppress AAA. Several antiplatelet agents such as aspirin,
clopidogrel, and cilostazol have been investigated to
suppress aneurysms in established rodent
models.19,20,41,42 In experimental studies, the antiplatelet
agents commonly inhibited the infiltration of macro-
phages, generation of ROS, upregulation of MMPs, elastin
degradation, and aneurysm growth. Further, a large
cohort study revealed that the administration of aspirin
or P2Y12 inhibitors might slow AAA progression and
reduce AAA rupture.42 From these findings, a double-
blinded, placebo-controlled clinical trial in Sweden
(TicAAA trial) was conducted to evaluate the effect of
ticagrelor, a P2Y12 inhibitor, on the growth of small
AAA. However, the results reported that ticagrelor did
not reduce their growth.9

In this study, we revealed that K-134 suppresses AAA
growth and prevents rupture in multiple rodent models.
Similar to other antiplatelet agents, as inhibition of
macrophage infiltration, ROS generation, MMPs activa-
tion, and elastin degradation in a hypoperfusion-
induced rat model were obtained. Unlike aspirin and
the P2Y12 inhibitors, ticagrelor and clopidogrel, K-134 is
a PDE3 inhibitor. As we described elsewhere in this
article, PDE3 acts not only as antiplatelet, anti-
inflammatory agents, but also as antiatherosclerosis
agents that suppresses the intimal thickening by pre-
venting SMCs proliferation and inhibits intimal thick-
ening via the activation of cAMP-PKA pathway.43

In human AAA, we have previously demonstrated that
marked intimal hyperplasia owing to SMC proliferation
occurred in the adventitial VV, and that the aortic walls



Fig 6. Effect of K-134 treatment of abdominal aortic aneurysm (AAA) on progression and survival under delayed
treatment protocol (treatment for preexisting AAA). A, The aortic outer diameter of AAA. The aortic diameter was
significantly suppressed in the K-134(þ) group compared with the K-134(-) group at day 14 (6.25 6 1.03 mm and
4.83 6 1.09 mm, respectively; *P < .01; n ¼ 21 per group). B, Kaplan-Meier survival curves of rats with/without K-134
treatment. K-134 significantly improved survival. Effect of K-134 treatment on survival in elastase-induced AAA rat
model and angiotensin II-induced AAA ApoE-/- mouse model. C, Survival free from rupture-induced death in the
elastase-induced AAA rat model (n ¼ 11 per group). The animals were similarly pretreated with K-134 and fed with
a 0.15% K-134-containing diet 7 days before and after the creation of the model. D, Survival free from rupture–
induced death in the angiotensin II-infused ApoE-/- mouse model (n ¼ 20 per group). Mice were similarly pre-
treated with K-134 and fed with a 0.15% K-134-containing diet 7 days before and after the establishment of the
model.
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were ischemic and hypoxic.29 Next, we created a
hypoperfusion-induced AAA model in rats,24 in which
tight ligation of the aorta over the inserted catheter
induced hypoperfusion of the aortic wall, subsequently
developing AAA. Further, the adventitial VV became
stenotic owing to intimal hyperplasia. The
hypoperfusion-induced AAA model mimics human
AAA pathologic features well, such as the existence of
ILT, tissue hypoxia, infiltration of the inflammatory cells,
medial degeneration, adipogenesis, and spontaneous
rupture.44 In the other established rodent models, K-134
prevented aneurysmal rupture and improved survival.
Among the different effects of K-134, the inhibition of
the adventitial VV intimal thickening and the attenua-
tion of hypoxic conditions in aneurysmal tissue are the
most notable. The adventitial VV intimal thickness can
perturb oxygen and nutrient diffusion and, thus, result
in regional hypoxia in the arterial wall, which may cause
ischemic injury of the inner arterial wall and eventually
induce VV neovascularization.45 Hypertension increases
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the aortic wall tensile force and interferes with VV blood
flow. Smoking or nicotine inhalation is another known
risk factor that perturbs VV blood flow.46 Considering
that both hypertension and smoking are the most
important risk factors for AAA,47 we hypothesize that
VV hypoperfusion and the subsequent hypoxia may be
the pivotal mechanisms AAA pathogenesis. Furthermore,
the topologic distribution of adventitial VV is densest in
the aortic arch and decreases as the aortic segments
become more distal, with the lowest amount in the
infrarenal abdominal aorta, thus making this region the
most susceptible to hypoxia.48 Overall, these results indi-
cate that infrarenal AAA with dense ILT is likely to
become most hypoxic owing to VV hypoperfusion and
perturbed oxygen diffusion from the aortic blood flow.
Hypoxia could further exacerbate macrophage-induced
vascular inflammation and remodeling.49 Therefore, we
speculated that the initial mechanisms involved in the
inhibition of AAA development by K-134 may be its anti-
atherosclerosis and antiplatelet properties as they inhibit
stenosis of aortic adventitial VV and ameliorate tissue
hypoperfusion. During aneurysm progression, the com-
mon mechanisms in our models were sustained inflam-
mation and oxidant stress,50 although all three rodents
models exhibited distinct mechanisms of AAA develop-
ment. Therefore, the anti-inflammatory and antioxidant
properties of K-134 may be more beneficial for inhibiting
AAA progression and rupture.
Accordingly, the PDE3 inhibitor K-134 has shown great

potential for pharmacologic therapy of AAA because it
acts not only as an antiplatelet and anti-inflammatory
agent, but also as an antiatherosclerosis agent that can
be administered daily. Its antiatherosclerosis activity
may also be beneficial in preventing other atheroscle-
rotic manifestations in AAA patients at a high risk for
developing future cardiovascular events. Considering
that the phase II trial of K-134 has already been conduct-
ed in PAD claudicants without major adverse events, K-
134 may be a promising candidate for a randomized,
controlled study on the growth of small AAAs.
This study has several limitations. First, our established

rodent models have relatively small sample sizes. Sec-
ond, because rodents are smaller in size than humans,
a larger animal AAA model, such as pig, may further
elucidate the mechanism of K-134 and confirm its effec-
tiveness before clinical trials in humans. Last, some of au-
thors hold a patent associated with K-134, which might
cause potential bias during result evaluation.

CONCLUSIONS
K-134 suppressedaneurysmgrowthand inhibited rupture

in multiple rodent aneurysm models. In rat models of
hypoperfusion-induced AAA, K-134 improved survival even
in rats with preexisting aneurysm. K-134’s antiatheroscler-
otic properties inhibited intimal hyperplasia of the
adventitial VV inAAAandattenuatedhypoxia, thus proving
its potential as pharmacologic treatment for AAA.
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