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ARTICLE INFO ABSTRACT
Keywords: Aortic dissection is an adverse event of angiogenesis inhibitors; however, the association between the drugs and
Angiogenesis inhibitors aortic dissection is unclear. Therefore, we investigated if and how angiogenesis inhibitors increase the onset of

Aortic dissection

Real-world database

Hypertension

FDA Adverse Event Reporting System

aortic dissection using pharmacologically-induced aortic dissection-prone model (LAB) mice, cultured endo-
thelial cells, and real-world databases, which is a novel integrated research approach. Disproportionality analysis
was performed and calculated using the reporting odds ratio as a risk signal using a worldwide database of
spontaneous adverse events to estimate the risk of adverse events. Angiogenesis inhibitors, but not other
hypertension-inducing drugs, showed significant risk signals for aortic aneurysms and dissection. A retrospective
cohort analysis using JMDC, a medical receipt database in Japan, showed that the history of atherosclerosis and
dyslipidemia, but not hypertension, were significantly associated with the onset of aortic dissection during
angiogenesis inhibitor medication administration. For in vivo studies, sunitinib (100 mg/kg/day) was admin-
istered to LAB mice. Sunitinib increased systolic blood pressure (182 mmHg vs. 288 mmHg with sunitinib; p <
0.01) and the incidence of aortic dissection (40% vs. 59% with sunitinib; p = 0.34) in mice. In vivo and in vitro
studies revealed that sunitinib increased endothelin-1 expression and induced endothelial cell damage evaluated
by intracellular- and vascular cell adhesion molecule-1 expressions. The increased risk of developing aortic
dissection with angiogenesis inhibitors is associated with the development of drug-specific hypertension via
endothelial cell damage and endothelin-1 expression. Our findings are invaluable in establishing safer anticancer
therapies and strategies to prevent the development of vascular toxicity in high-risk patients.

1. Introduction with blood flow or hematomas within the aortic wall. Aortic dissection is
a lethal disease, with sudden onset and death [1]. Aortic dissection is

Aortic dissection is a dynamic condition in which the aortic wall is caused by hemodynamic loading against a background of tunica media
detached in two layers at the tunica media level, forming a false lumen weakening over time [2]. The etiology of tunica media lesions may be
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due to decreased elastic lamina and cross-linking fibers between elastic
fibers because of hypertension or inherited connective tissue diseases
such as Marfan’s syndrome [3,4]. Endothelial cell dysfunction may play
an essential role in the onset of aortic dissection, adding to the medial
fragility and hemodynamic loading [5-7].

Angiogenesis inhibitors are anticancer drugs that target vascular
endothelial growth factor (VEGF), including anti-VEGF antibodies, anti-
VEGF receptor antibodies, and VEGF tyrosine kinase inhibitors. These
anticancer drugs are widely used for various carcinomas, including
colorectal, lung, and breast cancer. Major side effects of angiogenesis
inhibitors are hypertension, renal failure, neurotoxicity, and appetite
loss. A meta-analysis showed a significant increase in blood pressure in
8% of bevacizumab-treated patients [8]. The cardiovascular toxicity of
angiogenesis inhibitors is caused by their effects on cardiomyocytes,
endothelial cells, and pericytes [9,10]. Depleting the VEGF pathway by
inhibiting the VEGF receptor induces vascular endothelial cell apoptosis
and may lead to acute arterial thrombotic events [11,12]. VEGF
signaling inhibition also decreases nitric oxide production, a vasodi-
lator, leading to increased vascular resistance and hypertension [13].
Endothelin-1 (ET-1) is associated with angiogenesis inhibitor-induced
hypertension and renal failure [14]. Thus, various mechanisms have
been demonstrated for cardiovascular toxicities associated with angio-
genesis inhibitors.

Aortic dissection in patients using angiogenesis inhibitors is a rare
but severe side effect [15]. The U.S. Food and Drug Administration
(FDA) and other agencies issued a warning in 2018 regarding the risk of
aortic dissection. However, how angiogenesis inhibitors cause aortic
dissection has not been clarified, nor have preventive methods been
established. In the present study, we demonstrate the risk and causes of
aortic dissection induced by angiogenesis inhibitors.

We approached this research problem using a novel research meth-
odology that we have recently established, which entails the integration
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of a large-scale medical information database analysis and in vivo and in
vitro experiments. A large-scale medical information database, that is,
“a real world database”, is useful for researching emergency diseases,
rare diseases, and the side effects that occur infrequently like aortic
dissection. Many cases of aortic dissection happen suddenly and develop
rapidly. Therefore, it is difficult to design a clinical study. This is one of
the reasons why aortic dissection has not been studied well to date. The
real-world database reflects the clinical situation and allows for
comprehensive analysis of a vast number of aortic dissection cases. On
the other hand, database analysis only proposes hypotheses and does not
prove interrelationships. Therefore, we established a new research
approach in which hypotheses obtained from databases are elucidated
by basic pharmacological studies. In this study, we utilized the
pharmacologically-induced aortic dissection prone model mice, which
we established, to clarify the pathogenesis of angiogenesis inhibitor-
induced aortic diseases.

2. Methods
2.1. Data analysis using the FDA adverse event reporting system

The FDA Adverse Event Reporting System (FAERS) is a voluntary
adverse event reporting system operated by the U.S. FDA. Of the
14,524,065 spontaneous adverse events report data from the first
quarter of 2004 to second quarter of 2020, duplicate reports were
excluded according to FDA recommendations, and the remaining
12,190,284 reports were used for analysis (Fig. 1). The Navicat for
SQLite database 3.33.0 was used to process the data. The types of
adverse events were obtained from the International Council for Har-
monisation of Technical Requirements for Pharmaceuticals for Human
Use (ICH) International Glossary of Pharmaceutical Terms, Medical
Dictionary. The term “aortic dissection” was defined and extracted using

FAERS analysis JMDC analysis
14,524,065 reports 4,105,013 reports
28,443 reports with

angiogenesis inhibitors

Excluded
—»  duplicate data
2,333,781 reports

Excluded
—>| ® Under 18 years old
® No smoking information

12,190,284 reports during
period

20,828 reports during period

|

|

3,145 reports with aortic
dissection

258 reports with aortic
dissection or aortic aneurysm

Fig. 1. Flow diagram of the study design.

FAERS: FDA Adverse Event Reporting System.
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“10002895/aortic dissection/Aortic dissection,” based on the ICH
Medical Dictionary for Regulatory Activities/J ver. 23.1. The risk of an
adverse event was assessed by calculating the reporting odds ratio
(ROR) and 95% confidence interval (CI) as previously reported [16].
Briefly, patients were classified into four groups: (A) patients who
received a drug and reported aortic dissection as a side effect, (B) pa-
tients who received a drug and did not report aortic dissection as an
adverse reaction, (C) patients who did not receive a drug and reported
aortic dissection as an adverse reaction, and (D) patients who did not
receive a drug and did not report aortic dissection as an adverse reac-
tion. The number of reports in each group was calculated based on the
above classification, and the ROR and 95% CI were calculated according
to the following formula:
ROR = é‘% 95% CI
= exp (In (ROR) + 1.96 l+1+1+1)
A B C D

A, B, C, and D represent the number of reports in each group, and In is
the natural logarithm.

Drugs for which A, B, C, and D exceeded 10 and the ROR was > 1
were defined as those with an increased risk of developing aortic
dissection, and a marker for dissection development was detected. Sta-
tistical analysis was performed using R version 4.2.1 for Windows.

2.2. Data analysis using JMDC

This retrospective cohort analysis used the Diagnosis Procedure
Combination (DPC) database, a nationwide Japanese inpatient database
provided by JMDC (JMDC Inc. Tokyo, Japan) as previously reported
[17]. This database comprises medical fee schedules (receipt data) and
DPC data for patients who visited medical institutions contracted by
JMDC. As of August 2022, JMDC had contracts with 620 DPC and
non-DPC hospitals. The database includes a tabulation of major di-
agnoses, comorbidities at admission, complications during hospitaliza-
tion, and treatment information such as medications, procedures, and
rehabilitation. Cases in the receipt database from April 2014 to October
2020, including angiogenesis inhibitors (bevacizumab, aflibercept,
ramucirumab, sorafenib, regorafenib, lenvatinib, sunitinib, pazopanib,
axitinib, cabozantinib and vandetanib by component name), were
analyzed, excluding patients younger than 18 years and those without
smoking information (Fig. 1). The incidence of aortic aneurysm or
dissection (“aortic aneurysm and dissection” International Statistical
Classification of Diseases and Related Health Problems (ICD) 10 code:
171) within 1 year of receiving an angiogenesis inhibitor was used as an
objective factor. The following were used as objective factors: age 60
years or older, sex, smoking status, history of anthracyclines (doxoru-
bicin, amrubicin, daunorubicin, epirubicin, pirarubicin, idarubicin, and
achlorubicin by component name), history of hypertension (ICD-10: 110,
115, I 674, P29), atherosclerosis (ICD-10: 170), dyslipidemia (ICD-10:
194, M30, M31, M32, M33, M34, M35, M36), and connective tissue
disorders (ICD-10: E78). The Mann-Whitney U test was used for
continuous variables, and Fisher’s exact test for categorical variables.
Multivariate analysis was performed using multiple logistic analyses.
Statistical analysis was performed using R version 4.2.1 for Windows.

2.3. Ethical considerations

Due to the anonymity of the data, the obligation to obtain informed
permission was waived to perform database analysis. All animal pro-
cedures were performed per the guidelines of the Animal Research
Committee of the University of Tokushima Graduate School which
complied with ARRIVE 2.0.
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2.4. Experimental animals and treatment administration

The experimental animals were 8-week-old male C57BL/6 J mice
(CLEA Japan Inc. Tokyo, Japan). Mice were acclimated to obtain similar
mean body weight and blood pressure in each group, and allowed to eat
and drink freely through the experimental period.

For the sunitinib (SNT) alone study, mice were divided into four
groups; the control, 4 mg/kg/day SNT (SNT4), 40 mg/kg/day SNT
(SNT40), and 100 mg/kg/day SNT (SNT100), and received 1% car-
boxymethyl cellulose (CMC, Wako, Osaka, Japan) or SNT (Selleck
Chemicals, Houston, TX, USA) suspended in 1% CMC at concentrations
of 4, 40, or 100 mg/kg/day, orally via a feeding needle. Body weight
was measured daily, and blood pressure was measured weekly using a
tail-cuff plethysmography (BP-98AL, Softron, Tokyo, Japan). Vascular
toxicity was assessed 4 weeks after the start of treatment as explained
under the following section.

In the SNT study in the aortic dissection-prone mouse model (LAB
model), LAB and SNT+LAB groups received No-nitro-L-arginine methyl
ester (.-NAME; Sigma-Aldrich, St. Louis, MO, USA) (10 mg/kg/day)
orally in drinking water for 4 weeks starting at 8 weeks of age [18].
Angiotensin II (Ang II; 1000 ng/kg/min) and p-aminopropionitrile
(BAPN; 150 mg/kg/day) (both from Sigma-Aldrich, St. Louis, MO, USA)
were administered continuously for 1 week using an osmotic pump
(MINI-OSMOTIC PUMP MODEL 2002; Alzet, Muromachi Kikai Co.)
from 3 weeks later starting with .-NAME administration. The SNT+LAB
group was administered SNT (100 mg/kg day) dissolved in 1% CMC
continuously for 4 weeks starting at 8 weeks of age. The onset of aortic
dissection and vascular pathology were assessed 1 week after osmotic
pump implantation.

2.5. Blood and tissue collection

After the measurement of body weight, mice were anesthetized by
intraperitoneal administration with a three-drug mixture of 1 mg/mL
medetomidine hydrochloride (Nippon Zenyaku Kogyo Co., Ltd.,
Fukushima, Japan), 5 mg/mL midazolam (Sandoz K.K. Tokyo, Japan),
and 5 mg/mL butorphanol tartrate (Meiji Seika Pharma Co., Ltd. Tokyo,
Japan), mixed with saline. Blood was collected from the orbital venous
plexus of the mice and centrifuged at 1000 xg for 10 min in a tube to
separate serum. The systemic circulation was perfused with 25-50 mL of
saline, and tissues including aorta, heart, and kidney were harvested.
Tissues were weighed and frozen at — 80 °C or fixed using 4% para-
formaldehyde (Wako) and embedded in paraffin. The aortic diameter
was measured using ImageJ v.1.37 (National Institutes of Health,
Bethesda, Maryland, USA).

2.6. Histology

Section (5 pm thick) were subjected to Elastica van Gieson (EVG)
staining (Merck, Darmstadt, Germany) according to the manufacturer’s
instructions. The development of aortic dissection was determined by
false lumen formation under EVG staining. Elastin degradation was
graded as follows: grade 1, intact and well-organized elastic lamina;
grade 2, elastic lamina with some interruption and breakage; grade 3,
severe elastin fragmentation or loss; grade 4, aortic rupture [19].

2.7. Real-time PCR

RNA was extracted from aortic homogenates collected following SNT
monotherapy and the LAB model using the RNeasy® Fibrous Tissue Mini
Kit (QIAGEN, Hilden, Germany) and from cultured cells using the
RNeasy® Plus Mini Kit (QIAGEN). The extracted RNA was dissolved in
RNase-free water, and the concentration was measured using a Nano-
drop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). Reverse
transcription was then performed using a PrimeScript RT reagent Kit
(Takara Bio, Shiga, Japan). Quantitative analysis of gene expression



K. Tsujinaka et al.

levels was performed by the relative quantification method using the
MyiQ2 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA)
and THUNDERBIRD® SYBR qPCR Mix (TOYOBO LIFE SCIENCE, Osaka,
Japan) was used to prepare the PCR reaction solution. The primer se-
quences used are listed in Supplementary Table 1. All primers were
purchased from Eurofins Genomics (Tokyo, Japan).

2.8. Multiplex assay

Serum concentrations of granulocyte colony-stimulating factor (G-
CSF), CCL11/eotaxin, monocyte chemoattractant protein 1 (MCP-1),
interleukin-6 (IL-6), CXCL10/IP-10 (IP-10), keratinocyte-derived che-
mokines (KC), and vascular endothelial growth factor A (VEGF-A) were
analyzed using the MILLIPLEX® kit (Merck) using Luminex®200TM
(Merck) according to the manufacture’s instruction.

2.9. Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased
from Lonza K.K. (Tokyo, Japan). The culture medium was EGM-2 Bullet
Kit (Lonza K.K.) in 4% fetal bovine serum at 37 °C and 5% CO» until the
passages of 3-8. Cells were stimulated with SNT (0.1, 1, 3, 5, 10 uM) for
24 h when they became confluent.

2.10. Statistical analysis

Data are expressed as the mean =+ standard error (S.E.) for each
value. Statistical analysis was performed using R version 4.2.1 for
Windows. One-way analysis of variance was performed for comparisons
of three or more groups. Tukey’s test was performed as a post hoc
analysis. The Kruskal-Wallis test was also used for ordinal scale data.
Two-tailed p < 0.05 values were considered statistically significant.

3. Results
3.1. Disproportionality analysis using the FAERS database

Of the 12,190,284 adverse event cases, 3145 cases of aortic dissec-
tion were reported (Fig. 1). The reported aortic dissection rates were
significantly higher in the patients receiving angiogenesis inhibitors,
including bevacizumab (ROR, 5.12; 95% CI, 4.19-6.27), SNT (ROR,
5.50; 95% CI, 4.15-7.29), sorafenib (ROR, 5.41; 95% CI 3.67-7.96), and
lenvatinib (ROR, 6.57 95% CI 3.96-10.92) compared to the patients not
receiving these drugs (Table 1). All cases were statistically significant;
therefore, angiogenesis inhibitors were strongly suggested to be asso-
ciated with aortic dissection onset.

3.2. Drugs that are risk factors for drug-induced hypertension do not
necessarily cause aortic dissection

Among the representative drugs which may induce hypertension as
an adverse drug event, significant ROR signals for aortic dissection were
observed in prednisolone (ROR, 2.71; 95% CI, 2.19-3.36), but not in
epinephrine (ROR, 0.82; 95% CI, 0.39-1.72), norepinephrine (ROR,
1.87; 95% CI, 0.47-7.49), cyclosporine (ROR, 1.24; 95% CI, 0.84-1.83),
methylprednisolone (ROR, 1.19; 95% CI, 0.76-1.87), and celecoxib
(ROR, 0.75; 95% CI, 0.48-1.17). In the case of dexamethasone, signifi-
cant protective signals were observed (ROR, 0.39; 95% CI, 0.25-0.62)
(Table 1). Therefore, blood pressure elevation alone cannot cause drug-
associated aortic dissection.

3.3. Retrospective cohort analysis using the JMDC receipt database
Of the 4,105,013 cases accumulated from April 2014 to November

2020, 20,828 cases with angiogenesis inhibitors were subjected to
analysis (Fig. 1). Bevacizumab users were the most (37.6%). Patients
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Table 1
Risk signal for aortic dissection with angiogenesis inhibitors and other drugs
which cause hypertension in FAERS.

Drug A AD without AD with ROR (95% P value
Drug A /total,  Drug A CDh
n (%) /total, n
(%)
Angiogenesis inhibitors
Bevacizumab 3048/ 97/ 5.12 < 0.01
12,114,970 75,314 (4.19-6.27)
(0.025) (0.13)
Lenvatinib 3130/ 15/8896 6.57 < 0.01
12,181,388 (0.17) (3.96-10.92)
(0.026)
Sorafenib 3119/ 26/ 5.41 < 0.01
12,171,499 18,785 (3.67-7.96)
(0.026) (0.14)
Sunitinib 3096/ 49/ 5.50 < 0.01
12,155,257 35,027 (4.15-7.29)
(0.025) 0.14)
Other representative drugs which
cause hypertension
Epinephrine 3138/ 7/33,030 0.82 0.732
12,157,254 (0.021) (0.39-1.72)
(0.026)
Norepinephrine 3143/ 2/4145 1.87 0.29
12,186,139 (0.048) (0.47-7.49)
(0.026)
Celecoxib 3126/ 19/ 0.75 0.231
12,091,998 98,286 (0.48-1.17)
(0.026) (0.019)
Cyclosporine 3119/ 26/ 1.24 0.272
12,108,911 81,373 (0.84-1.83)
(0.026) (0.032)
Dexamethasone 3126/ 19/ 0.39 < 0.01
12,004,712 185,572 (0.25-0.62)
(0.026) (0.010)
Methylpredonisolone 3126/ 19/ 1.19 0.449
12,128,410 61,874 (0.76-1.87)
(0.026) (0.031)
Predonisolone 3059/ 86/ 2.71 < 0.01
12,065,172 125,112 (2.19-3.36)
(0.025) (0.069)

Footnotes: AD; aortic dissection, ROR; reporting odds ratio, CI; confidential
intervals,
" Fisher’s exact test

using angiogenesis inhibitors tended to be men over 60 years of age
(Table 2, Supplementary Fig. 1 A). Of these, 258 (1.24%) developed an
aortic aneurysm or dissection within 1 year of the first angiogenesis
inhibitor administration (Supplementary Fig. 1B). Higher percentages of
the patients were 60 years or older, male, and had a history of hyper-
tension, atherosclerosis, or dyslipidemia in the group of the patients
with the aortic aneurysm or dissection compared to the group without
these aortic diseases (Table 3). Only atherosclerosis and dyslipidemia

Table 2

Number of patients using each angiogenesis inhibitor by JMDC.
Drug Number of patients (%)
Bevacizumab 10,702 (51.4)
Aflibercept 4325 (20.8)
Ramucirumab 3437 (16.5)
Sorafenib 1174 (5.6)
Regorafenib 1160 (5.6)
Lenvatinib 1086 (5.2)
Sunitinib 537 (2.6)
Pazopanib 495 (2.4)
Axitinib 510 (2.4)
Cabozantinib 17 (0.1)
Vandetanib 0(0.0)

Footnotes: Total number of patients using angiogenesis inhibitors
were 20,828. Some patients received more than one angiogenesis
inhibitor.
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Table 3
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Patient background of patients using angiogenesis inhibitors with different onset of aortic dissection in JMDC.

Variable Angiogenesis inhibitors user
non-AD/AA (n = 20,570)
70 (19,90)

16,870 (82%)

Age (min,max)
Over 60 years old

73 (32,90)
223 (86%)

Male 12,224 (59%) 174 (67%)
Smoking 11,439 (56%) 154 (60%)
History of Anthracycline use 959 (4.7%) 15 (5.8%)
Hypertension 9464 (46%) 138 (54%)
Atherosclerosis 673 (3.3%) 17 (6.6%)
Dyslipidemia 4603 (22%) 77 (30%)

Connective tissue disorders 265 (1.3%) 2 (0.78%)

AD/AA (n = 258)

Univariate analysis Multivariate analysis

P value OR (95%CI) P value
< 0.001"

0.072" 1.39 (0.92-2.1) 0.12
0.009" 1.31 (0.94-1.82) 0.11
0.207" 1.13 (0.84-1.54) 0.42
0.371° 1.62 (0.90-2.93) 0.11
0.017" 1.19 (0.89-1.58) 0.24
0.007" 1.81 (1.04-3.14) 0.036
0.005" 1.46 (1.07-1.99) 0.017
0.777" 0.31 (0.0044-2.25) 0.25

Footnotes: AD; aortic dissection, AA; aortic aneurysm, OR; odds ratio, CI; confidential intervals,

@ Mann-Whitney U test,
b Fisher’s exact test

were significantly associated with the onset of aortic aneurysm or
dissection in patients prescribed angiogenesis inhibitors. In contrast, a
history of hypertension was not significantly associated with aortic
aneurysm onset or dissection. These findings suggest that hypertension
before angiogenesis inhibitor administration may not influence aortic
aneurysm or dissection development (Table 3).

3.4. SNT alone does not cause vascular injury in mice

To confirm the relationship between angiogenesis inhibitor and
aortic dissection, in vivo studies were performed using sunitinib (SNT).
First, the single SNT administration was examined in mice. Systolic
blood pressure (SBP), body, heart, and kidney weights were unchanged
after SNT administration (4, 40, and 100 mg/kg/day) after 4 weeks
(Supplementary Figure 2 A, Supplementary Table 2). No elastin degra-
dation was observed at any dose following EVG staining of aortic sec-
tions (Supplementary Figure 2B). Thus, SNT alone, up to 100 mg/kg/
day, did not worsen the general condition, increase SBP, or form
vascular injuries, including aortic dissection in mice.

3.5. Sunitinib aggravates vascular injury in LAB mice

As SNT had no toxicity on control mice up to 100 mg/kg/day, the
effects of SNT on the aortic dissection onset were examined at 100 mg/
kg/day. Consequently, neither LAB nor SNT affected body and kidney
weight (Fig. 2A and B). SNT did not aggravate cardiac hypertrophy, as
observed in LAB mice (Fig. 2C). However, SBP showed a significant
increase in the SNT group compared to in the LAB group at week 4
(p < 0.01), 1 week after adding Ang II (Fig. 2D). The incidence of aortic
dissection increased in the SNT-treated mice (59%) compared to the LAB
group (40%). In the SNT group, 16% of mice died from aortic rupture,
but no mice died in the LAB group (Table 4, Fig. 2E). Although aortic
diameter enlargement was not observed in the LAB group, the diameter
was significantly increased in the SNT+LAB group compared to in the
control group (Fig. 2F). The elastin degradation score evaluated using
EVG staining was also significantly higher in the SNT+LAB group than
in the LAB group (Fig. 2G).

In LAB mice, the serum concentrations of inflammatory cytokines, G-
CSF, IL-6, KC, eotaxin, and IP-10 were significantly increased (Fig. 3A).
These increases in serum concentration were significantly decreased (IP-
10 and MCP-1) or unchanged (G-CSF, IL-6, KC, and eotaxin) after SNT
administration (Fig. 3A). Thus, systemic inflammation was suppressed
by SNT administration in LAB mice.

The gene expressions for endothelial cell specific molecules, such as
ICAM-1, VCAM-1, ET-1, eNOS, and VEGFR2, in the aortae were exam-
ined. No statistically significant changes were observed in all parame-
ters, but SNT increased these endothelial cell-derived gene expressions
compared to those in the LAB group (Fig. 3B).

Cultured HUVECs were stimulated with 0, 0.1, 1, 3, 5, and 10 uM
SNT for 24 h, and gene expressions were examined to clarify the impact

of SNT on endothelial cells. The gene expressions for ICAM-1, VCAM-1,
ET-1, and VEGFR2 significantly increased concentration-dependently.
Moreover, eNOS expression was decreased by SNT stimulation in a
concentration-dependent manner (Fig. 3C). Therefore, ICAM-1, VCAM-
1, and eNOS expressions indicated that SNT induced endothelial
damage.

In summary, SNT increases the likelihood of developing aortic
dissection via ET-1-related hypertension and endothelial dysfunction,
but does not exacerbate systemic inflammation.

4. Discussion

We elucidated the background factors and mechanisms underlying
aortic dissection development induced by angiogenesis inhibitors using
a novel approach that combines real-world databases, in vivo, and in
vitro studies. The pathogenesis mechanism may involve impaired
vasoconstrictive capacity resulting from elevated ET-1, decreased eNOS,
and vascular endothelial cell damage with increased ICAM-1 and VCAM-
1 expressions. Elevated blood pressure after angiogenesis inhibitor use,
but no history of hypertension, before treatment initiation had a greater
impact on the risk of developing aortic dissection. Furthermore, drugs
that increase blood pressure do not necessarily increase the risk of
developing aortic dissection or aneurysms, which are adverse events
specific to angiogenesis inhibitors.

In our study, SNT administration aggravated vascular injury in LAB
mice. The expressions of inflammatory markers were elevated in pa-
tients who developed aortic dissection [20]. Similar to what is observed
in human patients, an inflammatory response may be involved in the
aortic dissection development in the LAB model [5,18]. Therefore, we
first hypothesized that enhancing inflammatory responses might be one
of the mechanisms of SNT-induced vascular injury. However, G-CSF,
IL-6, KC, and eotaxin serum concentrations were unchanged, and IP-10
and MCP-1 were somewhat decreased by SNT administration. The effect
of SNT on these inflammation-related molecules is controversial, with
reports of exacerbation[21] and suppression [22]. The effect of SNT may
depend on the base inflammation level, but in our LAB model, SNT
showed a suppressive trend. SNT-associated aortic dissection was not
dependent on inflammatory response in mice.

Aortic dissection is known to be associated with endothelial
dysfunction [6,7], and the LAB model is unique because it allows for a
high rate of aortic dissection based on endothelial damage caused by
1-NAME [5]. Although the effects of SNT on the expressions of endo-
thelial cell-specific genes were not apparent in mice aorta (Fig. 3), sig-
nificant increases in ICAM-1 and VCAM-1, and a decrease in eNOS by
SNT, were observed in cultured HUVECs, consistent with previous re-
ports [23,24]. These results indicate that SNT-induced vascular endo-
thelial damage in the aorta may be involved in developing aortic
dissection. Moreover, ET-1 expression increased in the aorta of
SNT-treated LAB mice and significantly increased in HUVECs (Fig. 3B
and C). Although systemic ET-1 elevation does not correlate with blood
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Fig. 2. Effects of oral administration of sunitinib on the aortic dissection mouse model (LAB). (A) Body weight was monitored weekly until 4 weeks after starting
sunitinib administration. (open circles: control; double circles: LAB group; black squares: LAB + SNT group). (B) Relative kidney weight is expressed as a ratio of
kidney weight to 100 g body weight. (C) Relative heart weight was expressed as a ratio of heart weight to 100 g body weight. (D) Systolic blood pressure (SBP) was
monitored from week 0 which indicates starting time of sunitinib (SNT) administration until week 4. (open circles: control group; double circle: LAB group; black
square: LAB-+SNT group). (E) Representative images of Elastica van Gieson’s staining (bar: 10 um). (F) The enlargement rate of aortic diameter was calculated by the
ratio of maximum to minimum diameter. (G) Average values of elastin degradation score estimated under EVG staining. Values are expressed as mean + SEM from
n = 19-20, and statistically analyzed using Tukey’s test (a-d and f) or Kruskal-Wallis test followed by Dunn’s test (g). *p < 0.05, * *p < 0.01 vs control. p < 0.05,
p < 0.01 vs LAB. n.s: not significant.
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Table 4
Incidence of aortic dissection and death from aortic rupture.
Control, n (%) LAB, n (%) SNT+LAB, n (%) P value*
AD 0/20 (0) 8/20 (40) 11/19 (59) 0.34
Rupture 0/20 (0) 0/20 (0) 3/19 (16) 0.11

Footnotes: Values are shown as n (%). Data are statistically analyzed by chi-
squared test. AD, aortic dissection; LAB, .-NAME+AngII+BAPN treated group;
SNT+LAB, SNT 100 mg/kg per day-+.-NAME-+Ang II+BAPN treated group.

" LAB vs SNT+LAB by Fisher’s test.

pressure elevation under normal conditions [25], ET-1 elevation is
thought to be essential in angiogenesis inhibitor-induced hypertension
[26]. Therefore, SNT-exacerbated hypertension in LAB mice (Fig. 2D)
was determined to be due to increased ET-1 expressions. A decrease in
nitric oxide production capacity and an increase in ET-1 may be
involved in the SNT-induced increase in blood pressure [27]. In the LAB
model, SNT significantly aggravated SBP at the 4-week point, which was
elevated after Ang II loading, consistent with the ET-1 increase. This
model required a rapid change in blood pressure after Ang II loading to
induce aortic dissection development. The degree of blood pressure
variability exacerbation was the most crucial factor for the increased
incidence of aortic dissection with SNT. SNT administration alone did
not affect SBP in mice up to 100 mg/kg/day for 4 weeks (Supplementary

A
4000 —_— 400 .
= ‘; ° a °
£ 3000 ° o E 300
o )
> &
& 2000 o e 200 o
Q g 2
O 1000 100
o_ 0
0 0
control LAB SNT+LAB control LAB SNT+LAB
.
*
<)
~ E
- oo
g &
2 Z
=
o z
% &
=
control LAB  SNT+LAB control LAB SNT+LAB
3 E
E =
) g
S o
=
o S
£ =

control LAB

SNT+LAB

SNT+LAB

control LAB

VEGFR2

ICAM-1

Biomedicine & Pharmacotherapy 167 (2023) 115504

Figure 2) and aggravated SBP only after Ang Il loading in the LAB model.
Therefore, SNT likely increases blood pressure and may worsen vascular
lesions if the patients or mice are initially at risk for blood pressure
elevation.

Therefore, we tested the background factors for angiogenesis
inhibitor-associated vascular injury in clinical situations. Higher per-
centages of patients with a history of hypertension in the group with the
aortic aneurysm or dissection compared to the group without these
aortic diseases were observed. However, no significant differences were
found for hypertension. Therefore, the risk factor for developing arterial
dissection by angiogenesis inhibitors may involve increased blood
pressure after drug administration, regardless of whether the patient had
hypertension before drug use. In contrast, a significant relevance be-
tween the onset of aortic dissection and atherosclerosis or dyslipidemia
was observed. These database analyses and the results of in vivo ex-
periments suggest that worsening hypertension after angiogenesis in-
hibitor use plays a vital role in developing aortic dissection.

As shown in Table 1, there was no increased risk from other drugs
that may induce hypertension as a drug adverse event. This result in-
dicates that hypertension was not a necessary and sufficient condition to
induce aortic aneurysms and dissection. Thus, the mechanism of aortic
dissection development caused by drug-induced hypertension may be an
angiogenesis inhibitor-specific event.

Animal experiments showed a marked increase in blood pressure
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Fig. 3. The effects of sunitinib on the inflammatory response and endothelial cell damage in LAB mice or in cultured human umbilical vein endothelial cells
(HUVECs). (A) Serum concentrations of G-CSF, IL-6, KC, EOTAXIN, IP-10, and MCP-1 in LAB mice with our without sunitinib (SNT) were analyzed using the
LUMINEX assay. (B) Gene expressions for ICAM-1, VCAM-1, ET-1, eNOS, and VEGFR2 in aortas from LAB mice with or without SNT were determined using real-time
reverse transcription-polymerase chain reaction. (C) Gene expressions for VCAM-1, ICAM-1, ET-1, eNOS, and VEGFR2 in HUVECs stimulated by SNT at indicated
concentrations for 24 hr. Data represent the mean + SEM from n = 9-10 (for A and B), or 4 (for C). Values are statistically analyzed by Tukey’s test. *p < 0.05,

* *p < 0.01 vs control group, 'p < 0.05, ''p < 0.01 vs LAB.
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induced by angiogenesis inhibitors when loaded with Ang II and BAPN.
In addition, database analysis revealed that a history of atherosclerosis
or dyslipidemia was highly associated with the development of aortic
dissection, independent of a history of hypertension. Therefore, vascular
damage from such diseases may be the underlying pathology that ex-
acerbates the increase in blood pressure induced by angiogenesis in-
hibitors. In the present study, we demonstrated the importance of
angiogenesis inhibitor specifically induced hypertension in the onset of
aortic dissection. However, our study also has several limitations. The
database analysis of aneurysms and dissections included only the aorta
but not peripheral areteries such as carotid, cerebral, and coronary ar-
teries. In addition, ascending and descending dissections have not been
distinguished neither in silico or in vivo studies. With regard to in vivo
study, the direct association between VEGF inhibition and aortic
dissection were not elucidated. Therefore, further basic and clinical in-
vestigations are desired.

5. Conclusion

Aortic dissection that develops after administering angiogenesis in-
hibitors might be related to elevated blood pressure associated with ET-1
and vascular endothelial damage, indicating that this phenomenon
might be specific to angiogenesis inhibitors. This concept was proven by
both a real-world database and basic pharmacological research with
certainty. It is important to keep in mind that regardless of the blood
pressure prior to initiation of administration, patients are at risk of
developing aortic dissection if their blood pressure increases after
initiation of angiogenesis inhibitor administration. Since it has been
shown that endothelin-1-induced blood pressure elevation may play an
important role in the development of dissection, it is expected that
strategies to prevent adverse events targeting endothelin-1 will be
established in the future. Thus, our findings are quite meaningful to
establish safer anticancer therapies using angiogenesis inhibitors and
strategies to prevent the development of vascular toxicity in high-risk
patients with atherosclerosis and dyslipidemia, but not hypertension.
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