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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.H. Lash There are no specific and sensitive biomarkers for arteritis, and the occurrence of arteritis in nonclinical toxi-

cological studies of a candidate drug makes development of the drug very difficult. However, we showed in a

Keywords: previous study that the high signal intensity region around the artery on magnetic resonance imaging (MRI)

A.rterms could be a candidate biomarker for detection of arteritis. The present study was conducted to clarify the details of

glomarker midodrine hydrochloride (MH)-induced arteritis lesions and whether arteritis induced by a mechanism other
rug

than the vasodilatory effect, which was evaluated in a previous study, could be detected by MRI. MH is a se-
lective peripherally acting alpha-1 adrenergic receptor agonist, known to induce arteritis due to its vasocon-
strictor action, but there is not enough information about MH-induced arteritis. Based on the data obtained under
multiple dosing conditions, MH was administered subcutaneously to each rat once daily for 2 days at a dose level
of 40 mg/kg/day for MRI assessment. The mesenteric arteries were examined using in vivo MRI at 1 day or 7 days
after administration of the final dose and examined histopathologically. On the day after the final dose, high
signal intensity region around the artery was observed in animals with minimal perivascular lesions confirmed
by histopathology and not observed in an animal without histological changes. On the 7th day after the final
dose, no abnormality was observed in histopathological examinations and no high signal intensity regions were
observed by MRI in any animal. In conclusion, although further investigation is needed to confirm that high
signal intensity is a reliable biomarker for humans, it is suggested that high signal intensity around the artery
could be a versatile candidate biomarker with high specificity and sensitivity.

Midodrine hydrochloride
Magnetic resonance imaging
Perivascular edema

1. Introduction

Arteritis is observed in nonclinical toxicological studies of several
drugs [8]. Vasculitis including arteritis is also known to be induced by
several drug classes including antimicrobials and antithyroid medica-
tions in humans [4]. Arteritis is a severe toxicity because the blood
shortage due to the artery’s decreased ability to carry blood can result in
damage of systemic organ and tissue; on the other hand, the lesion is
completely recovered if the offending drug is discontinued or treatment
is initiated at an early phase [12]. If arteritis can be detected in an early
phase by using appropriate monitoring with a specific and sensitive
biomarker, clinical trials of candidate drugs, which arteritis is observed
in nonclinical toxicological studies, can be conducted safely. However,

there are no specific and sensitive biomarkers [9,10], and without these
biomarkers the occurrence of arteritis in nonclinical toxicological
studies of a candidate drug makes development of the drug very diffi-
cult. Therefore, developing a biomarker capable of detecting
drug-induced arteritis in an early phase is desirable [10]. Appropriate
monitoring with biomarkers will alleviate the difficulty of conducting
clinical trials of candidate drugs associated with drug-induced arteritis.

Recently, we investigated whether fenoldopam mesylate (FM)-
induced arteritis in rats could be detected by magnetic resonance im-
aging (MRI) [5]. FM is a dopamine agonist, and induces arteritis by
vasodilatory effect in rats [3,16]. In that study, the ex vivo MRI showed
low-intensity areas in the arterial wall and a high signal intensity region
around the artery; these findings were considered to be due to
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erythrocytes infiltrating the arterial wall and perivascular edema,
respectively. In addition, we also showed that FM-induced arteritis
could also be detected by the in vivo MRI and that perivascular edema
observed in histopathology could be recognized as a high signal in-
tensity region around the artery on the images of MRI. Based on the
results, we consider the high signal intensity region around the artery to
be useful for identifying arteritis. However, no other reports have used
MRI to evaluate drug-induced arteritis, and it is unknown whether this
method could detect arteritis induced by another drug with different
pathogenic mechanism. Accordingly, further investigation is needed to
verify the versatility and reliability of high signal intensity as a
biomarker for arteritis. We thus conducted a study using midodrine
hydrochloride (MH), which causes arteritis in rats by a different mech-
anism from the one causing FM-induced arteritis.

MH is a selective peripherally acting alpha-1 adrenergic receptor
agonist that is indicated for the treatment of symptomatic essential
hypotension and orthostatic hypotension [2]. Although no relationship
between MH and arteritis has been reported in humans, MH is known to
induce arteritis of the mesenteric artery in rats through its vasocon-
strictor action [15,14]. Although MH-induced arteritis has been re-
ported in the mesenteric artery, the distribution of lesions in other
arteries has not been reported.

In the present study, we aimed to clarify the details of MH-induced
arteritis lesions and whether detection of perivascular edema by MRI
could be useful for detecting arteritis induced by MH. In other words, the
purpose of the present study is to clarify whether arteritis induced by a
non-vasodilatory mechanism, which was evaluated previously, could be
detected by MRI. First, a study for the dose-finding and evaluation for
lesion distribution was performed to determine which dosing routes,
dosing periods, and dose levels cause arteritis and which arteries are
affected by MH. Then, choosing the dosing regimen based on the results
of the dose-finding study, we performed the in vivo MRI assessment to
clarify whether the arteritis-related change can be detected by MRI.

2. Materials and methods
2.1. Compounds

MH (the purity was 99.8%) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). MH was dissolved in 0.5 w/v% carboxymethyl cellu-
lose solution (0.5% CMC) to reach a concentration of 5, 8, and 10 mg/ml
for administration to the 25, 40, and 50 mg/kg/day groups, respectively.
Chlorpromazine hydrochloride (the purity was 99% or more), which
was used to suppress intestinal peristalsis, was purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan) and dissolved in 0.5 w/v%
methyl cellulose solution to reach a concentration of 5 mg/ml.

2.2. Animals and husbandry

All animal studies were approved by the Committee for the Ethical
Usage of Experimental Animals of Sumitomo Pharma Co., Ltd., and the
Animal Welfare Committee of Osaka University.

Female Sprague-Dawley (Crl:CD) rats were purchased from Charles
River Laboratories Japan, Inc. (currently Charles River Laboratories
Japan G.K.; Kanagawa, Japan) and allowed an acclimation period of
more than 1 week. These rats were housed individually in a barrier-
sustained room with controlled temperature of 24 °C + 2 °C, relative
humidity of 55% =+ 10%, and a 12-h light (8 a.m. to 8 p.m.)/dark cycle.
They were fed a commercial pellet diet (CE-2, CLEA Japan, Ltd., Tokyo,
Japan) and tap water ad libitum.

2.3. Animal model and experimental design
2.3.1. Study to find MH dose and evaluate the details of MH-induced

arteritis
MH in 0.5% CMC (5 ml/kg) was administered orally, the most
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common dosing route, to each rat (6 weeks of age at the start of
administration) once daily for 2 days at dose levels of 25 or 50 mg/kg/
day or 4 days at a dose level of 50 mg/kg/day. We used rat for this study
because rat is one of the most important animal models in toxicology
and the most frequently used rodent in toxicological study for a candi-
date drug.

Regarding the induction of arteritis, the systemic route of exposure is
considered to be important. The state of the induced lesion can depend
on the method of systemic delivery; therefore, in addition to oral
administration, we performed subcutaneous administration, which has
different systemic consequences. Therefore, MH in 0.5% CMC (5 ml/kg)
was administered subcutaneously to each rat (6 weeks of age at the start
of administration) once daily for 2 days at a dose level of 25 mg/kg/day
or 4 days at a dose level of 40 mg/kg/day.

Animals were divided into five groups (3 animals per group) as
shown in Table 1.

Scheduled euthanasia was conducted on the day after the final dose
by exsanguination under anesthesia and necropsied. In the scheduled
euthanized animals, mesenteric, pancreatic, gastrointestinal, renal, and
femoral arteries and arteries in the heart were collected from necropsied
animals. All collected arteries were histopathologically examined and
evaluated in all groups.

2.3.2. MRI assessment study

2.3.2.1. Experiment 1 (in vivo MRI on the day after the final dosing and
histopathology). Based on the results of the dose-finding study, MH in
0.5% CMC (5 ml/kg) was administered subcutaneously to each rat (6
weeks of age at the start of administration) once daily for 2 days at a
dose level of 40 mg/kg/day. As a vehicle control, 0.5% CMC only was
administered to animals as described above.

Rats, whose weight was 155-170 g at the first dose, were assigned to
the MH group (N = 10) and 0.5% CMC group (vehicle control group; N
= 5). Variation of body weights were kept as small as possible, consid-
ering the possibility that the size of the animal may affect the imaging
quality. The MRI examination was conducted on the day after the final
dose. The results of study to find MH dose and evaluate the details of
MH-induced arteritis (Section 3.1) showed that arteritis-related lesions
were most frequently observed in mesenteric arteries. Therefore,
mesenteric arteries in all animals of both groups were evaluated by in
vivo MRI. On the same day after the MRI examination, these rats were
euthanized by exsanguination and necropsied. The mesenteric arteries
were collected and evaluated histopathologically.

2.3.2.2. Experiment 2 (in vivo MRI on 7 days after the final dosing and
histopathology). As in Experiment 1, MH was administered subcutane-
ously to each rat once daily for 2 days at a dose level of 40 mg/kg/day in
0.5% CMC.

Rats, whose weight was 157-173 g at the first dosing, were assigned
to the MH group (N = 5). MRI examination was conducted on 7 days
after the administration of the final dose. As in Experiment 1, mesenteric
arteries in all animals were evaluated by in vivo MRIL. On the same day
after the MRI examination, these animals were euthanized by exsan-
guination and necropsied. The mesenteric arteries were collected and
evaluated histopathologically.

Table 1
Group composition in Study to find MH dose and evaluate the details of MH-
induced arteritis.

Group Route of Administration  Dosing period (day) Dose (mg/kg/day)
Group 1 Oral 2 25
Group 2 Oral 2 50
Group 3 Oral 4 50
Group 4 Subcutaneous 2 25
Group 5 Subcutaneous 4 40
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2.4. MRI

All MRI examinations were conducted using an 11.7 T vertical-bore
Bruker Avance II imaging system (Bruker BioSpin, Ettlingen, Germany)
and 33 mm volume radiofrequency coil for transmission and reception
(Bruker BioSpin). This method is the same as used in the previous study
[5].

Rats were fasted more than 12 h and given oral chlorpromazine
hydrochloride (25 mg/kg, 5 ml/kg) just before the MRI examination for
suppressing intestinal peristalsis. During the in vivo MR], rats were given
0.5-3% isoflurane for general anesthesia (Wako, Osaka, Japan) admin-
istered via a mask covering the nose and mouth. Respiratory signals were
monitored using a physiological monitoring system (SA Instruments,
Stony Brook, NY, USA), and body temperature was continuously main-
tained at 36.0 + 0.5 °C by circulating water through heating pads
throughout all experiments.

Anatomical images used for slice positioning were acquired with
IntraGate fast low-angle shot (FLASH; Bruker BioSpin) and the following
scanning parameters: repetition time/echo time (TR/TE) 62/1.5 msec,
flip angle 15°, 60 mm field of view (FOV), matrix of 256 x 256 pixels,
and 5 slices with thickness = 1.1 mm. For evaluation the arteritis, im-
ages were acquired using rapid acquisition with relaxation enhancement
(RARE) with the following scanning parameters: RARE Factor 8, TR/TE
5000/24.8 msec, FOV 35 x 35 mm, matrix of 256 x 256 pixels, 20 slices
with thickness = 0.5 mm, and number of excitations = 1. For reducing
the signal intensity of fat and minimizing the effects of respiration on the
image of MRI, fat suppression and respiratory gating techniques were
used.

2.5. Histopathology

All of the collected arteries were fixed in 10% neutral-buffered
formalin, embedded in paraffin, sectioned, stained with hematoxylin
and eosin, and examined by light microscopy.

2.6. Analytical method

2.6.1. Quantitative evaluation of signal intensity around the arteries on the
images of the MRI assessment study in Experiment 1

On the images of MRI, signal intensity around the mesenteric arteries
was measured using ImageJ (NIH, Bethesda, MD, USA) in samples ob-
tained in Experiment 1 of the MRI assessment study. The signal intensity
around the arteries was defined as a value derived from the formula:
signal intensity = intensity around the arteries / intensity of the skeletal
muscle around the spinal cord. The intensities of 5 mesenteric arteries
were measured for each animal and the mean value of 5 arteries were
calculated as the signal intensity of each animal. Since the signal in-
tensities around the arteries in the MH-administered group were not
uniform because the lesions were limited to part of artery, the higher
signal intensity regions, which were considered to be affected areas,
were selected for analysis of the signal intensity of the area.

2.6.2. Statistics

The signal intensity data for each group are expressed as the mean +
standard deviation. A two-tailed non-paired t-test was used to analyze
the difference in data between two groups. We considered p-value less
than 0.05 as statistically significant.

3. Results

3.1. Study to find MH dose and evaluate the details of MH-induced
arteritis

3.1.1. Clinical signs and necropsy
In the group 2 (50 mg/kg/day orally for 2 days) and the group 3 (50
mg/kg/day orally for 4 days), one of three animals was found dead
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before administration on the second day of dosing.

No deaths were found in the other three groups: group 1 (the 25 mg/
kg/day orally for 2 days), group 4 (25 mg/kg/day subcutaneously for 2
days), and group 5 (40 mg/kg/day subcutaneously for 4 days).

Throughout the dosing period, no animal showed clinical signs
except for the deaths mentioned above.

At necropsy, mottled white lesions in the kidneys were observed in
all animals in the group 5 (40 mg/kg/day subcutaneously for 4 days). In
the other groups, no abnormality was observed in any animal.

3.1.2. Histopathology

In all groups, minimal to mild perivascular infiltration of inflam-
matory cells, proliferation of fibroblasts, and edema were observed in
the mesenteric arteries. These changes were also observed in the
pancreatic arteries, gastrointestinal arteries, and renal arteries in the
group 4 (25 mg/kg/day subcutaneously for 2 days; minimal to mild). In
addition, these changes were observed in the pancreatic arteries of the
group 3 (50 mg/kg/day orally for 4 days; minimal), gastrointestinal
arteries of the group 2 (50 mg/kg/day orally for 2 days; minimal) and
renal arteries of the group 1 (25 mg/kg/day orally for 2 days; minimal).
In regard to the gastrointestinal arteries, these lesions were mainly
observed in arteries in serosa and adipose tissue around the gastroin-
testinal tract. On the other hand, no abnormality was observed in the
femoral arteries and arteries in the heart including the coronary arteries
in all groups.

Perivascular infiltration of inflammatory cell, proliferation of fibro-
blasts, and edema were observed in the mesenteric arteries of 2 of 3
animals in the group 1 (25 mg/kg/day orally for 2 days; minimal), 2 of 2
animals in the group 2 (50 mg/kg/day orally for 2 days; minimal to
mild), 2 of 2 animals in the group 3 (50 mg/kg/day orally for 4 days;
minimal), 3 of 3 animals in the group 4 (25 mg/kg/day subcutaneously
for 2 days; minimal to mild), and 1 of 3 animals in the group 5 (40 mg/
kg/day subcutaneously for 4 days; minimal). Details of the histopa-
thology of samples from the study to find MH dose and evaluate the
details of MH-induced arteritis are shown in Table 2 and the lesions
observed in these arteries are shown in Fig. 1.

Based on the above results, we considered that subcutaneously
administered once daily 40 mg/kg/day for 2 days is an optimal dosing
regimen and decided to use this regimen for MRI assessment.

3.2. MRI assessment study

3.2.1. Clinical signs and necropsy

Throughout the dosing period, no animal died or showed clinical
signs. At necropsy, mottled white lesions in the kidneys were observed in
2 of 10 animals necropsied on the day after the final dose and 2 of 5
animals necropsied on 7 days after administration of the final dose.

3.2.2. Histopathology

3.2.2.1. Experiment 1 (in vivo MRI on the day after the final dosing and
histopathology). In the mesenteric arteries of the MH-administered
group, there was minimal degeneration/necrosis of medial smooth
muscle cells accompanied by minimal intramural hemorrhage and/or
minimal perivascular infiltration of inflammatory cell, proliferation of
fibroblasts, and edema. These lesions in the arterial wall and peri-
vascular area were observed in 7 of 10 animals and 9 of 10 animals,
respectively. There were no abnormal changes in 1 of 10 animals.
Although they were multifocal, these lesions were observed only in a
limited area. In the animals with mottled white renal lesions as gross
lesions, acute tubular necrosis was observed. In the vehicle control
group, no abnormality was observed in any animal. Table 3 describes the
histopathology of samples used in the MRI assessment study and the
lesions observed in the mesenteric arteries are shown in Fig. 2 (A-D).
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Table 2
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Histopathological findings of the study for dose finding and evaluating the description of arteritis induced by midodrine hydrochloride.

Midodrine hydrochloride-administered group

Oral Oral Oral Subcutaneous Subcutaneous
Dosi i 2 days 2 days 4 days 2 days 4 days
Organs and Tissues peineinenicd Y y s 1y \E
Dose 25 mg/kg/day =~ 50 mg/kg/day 50 mg/kg/day = 25 mg/kg/day = 40 mg/kg/day
Degeneration/necrosis of medial smooth muscle cells 3 0 0 2 0 0 2 0 0 2 1 0 3 0 0
Intramural hemorrhage 3 0 0 2 0 0 2 0 0 2 1 0 3 0 0
W R Perivascular infiltration of inflammatory cell and proliferation

1 2 0 0 1 1 1 1 0 0 1 2 0 3 0

of fibroblasts
Perivascular edema 1 2 0 0 1 1 0 2 0 0 1 2 2 1 0
Perivascular infiltration of inflammatory cell and proliferation 3 0 0 2 0 0 1 1 0 1 1 1 3 0 0

P . of fibroblasts

ancreatic artery

Perivascular edema 3 0 0 2 0 0 1 1 0 1 1 1 3 0 0
Gastrointestinal artery Perivascular infiltration of inflammatory cell and proliferation 3 0 0 1 1 0 5 0 0 2 1 0 3 0 0

- of fibroblasts

(stomach/jejununycecu

m) Perivascular edema 3 0 0 1 1 0 2 0 0 2 1 0 3 0 0
Perivascular infiltration of inflammatory cell and proliferation 5 1 0 2 0 0 5 0 0 2 1 0 3 0 0

of fibroblasts

Renal artery

Perivascular edema 2 1 0 2 0 0 2 0 0 2 1 0 3 0 0
Femoral artery Finding absent 3 0 0 2 0 0 2 0 0 3 0 0 3 0 0
Artery in heart Finding absent 3 0 0 2 0 0 2 0 0 3 0 0 3 0 0

* : Number of animals which were examinded histopathologically
- : No abnormality, + : minimal, + : mild

3.2.2.2. Experiment 2 (in vivo MRI on 7 days after the final dosing and
histopathology). Although regeneration of renal tubules, hyaline casts,
and dilation of renal tubules were observed in the kidneys with grossly
visible mottled white lesions, no abnormality in the mesenteric arteries
was observed in any animal on 7 days after the administration of the
final dose. Histopathological images of mesenteric arteries are shown in
Fig. 2 (E, F).
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Fig. 1. Representative histopathological im-
ages of affected lesions of the mesenteric,
pancreatic, gastrointestinal, and renal arteries
stained with hematoxylin and eosin from the
study to find MH dose and evaluate the details
of MH-induced arteritis. Edema, infiltration of
inflammatory cells, and proliferation of fibro-
blasts were observed in the perivascular area.
(A-D) Histopathological images of the arteries
after MH administration. (A) Mesenteric artery;
Bar, 70 pm. (B) Pancreatic artery; Bar, 100 pm.
(C) Gastrointestinal artery; Bar, 70 um. (D)
Renal artery; Bar, 100 pm. Perivascular edema
is indicated with asterisks.

3.2.3. MRI

3.2.3.1. Experiment 1 (in vivo MRI on the day after the final dosing and
histopathology). In animals in the vehicle control group, a few mesen-
teric arteries with low signal intensity were observed (Fig. 3A). In the
MH-administered group, high signal intensity region around the
mesenteric artery was observed in animals with perivascular lesions
confirmed by histopathology and in limited areas (Fig. 3B-C). On the
other hand, in one animal without histological changes, the image of
MRI was similar to that in the vehicle control group (Fig. 3D).
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Table 3
Histopathological findings of the MRI assessment study.

Organs and Tissues Findings

Toxicology Reports 10 (2023) 97-103

Midodrine hydrochloride-administered group

Degeneration/necrosis of medial smooth muscle cells

Intramural hemorrhage

Mesenteric artery | Perivascular infiltration of inflammatory cell and proliferation
of fibroblasts

Perivascular edema

MRI on the day after the final dosing | MRIon 7 days after the final dosing
(10%) %)
- S -
3 5 0
3 5
1 9 5 0
1 9 5 0

- : No abnormality, + : minimal
No abnormality was observed in 0.5% CMC group
* : Number of animals in each experiment

3.2.3.2. Experiment 2 (in vivo MRI on 7 days after the final dosing and
histopathology). No high signal intensity region was observed around
the mesenteric artery in any animal (Fig. 4).

3.3. Quantitative evaluation of signal intensity around the arteries on MRI
images in Experiment 1

The mean value was 0.62 + 0.08 and 1.03 + 0.23 in the vehicle-
control and MH-administered groups, respectively, and the difference
was statistically significant. The maximum value in the vehicle control
group was 0.73, whereas the minimum value in the MH-administered
group was 0.85, which revealed that the signal intensity was clearly
higher in the MH-administered group.

4. Discussion
To the best of our knowledge, this is the first report of an evaluation
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Fig. 2. Representative histopathological im-
ages of the hematoxylin- and eosin-stained
mesenteric arteries from the MRI assessment
study. (A-D) Histopathological images of the
mesenteric arteries in Experiment 1 (in vivo MRI
on the day after the final dosing and histopa-
thology). (A and B) Mesenteric artery in the
vehicle control group; Bar, 500 ym in A and
70 pum in B. (C and D) Mesenteric artery in the
MH group on the day after the final dose; Bar,
500 ym in C and 70 pm in D. Minimal edema,
infiltration of inflammatory cells, and prolifer-
ation of fibroblasts can be seen in the peri-
vascular area. In addition, minimal medial
smooth muscle cell degeneration and necrosis
accompanied by intramural hemorrhage can be
seen. Perivascular edema is indicated with as-
terisks and erythrocytes infiltrating the arterial
wall are indicated with arrowheads. (E and F)
Histopathological images of the mesenteric ar-
teries in Experiment 2 (in vivo MRI on 7 days
after the final dosing and histopathology).
Mesenteric artery in the MH group on 7 days
after the administration of the final dose; Bar,
500 ym in E and 70 pm in F. There were no
findings.

of arteritis caused by a vasoconstrictor using MRI. In addition, in the
present study, MH-induced arteritis was comprehensively examined.
This is also the first reported detailed evaluation of MH-induced arteritis
for arteries other than the mesenteric artery.

In the histopathological examination, MH induced arteritis. In MRI,
higher signal intensity around the artery was observed in the MH-
administered group than the control group. The quantitative analysis
of signal intensity also showed significant differences in signal intensity
between the two groups. Although the histopathological lesion induced
by MH was minimal, high signal intensity regions were observed by MRI
in all animals with perivascular edema. On the other hand, the one
animal without perivascular edema did not show high signal intensity.
Given that perivascular edema is one of the characteristic lesions of
arteritis [9], high signal intensity region in MRI could be a versatile
biomarker for detecting the arteritis with high specificity and high
sensitivity.

Arteritis caused by the vasoconstrictor action of MH, which is
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Fig. 4. Typical images of MRI of mesenteric arteries in Experiment 2 (in vivo
MRI 7 days after the final dose and histopathology). Axial image in the MH
group 7 days after administration of the final dose. Inserts show cross section of
the mesenteric artery at higher magnification. Bar in insert, 3 mm. There is no
high signal intensity region. Arteries are indicated by arrows.
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Fig. 3. Typical images of MRI of mesenteric
arteries in Experiment 1 (in vivo MRI on the day
after the final dosing and histopathology) of
MRI assessment study. All images are axial im-
ages. (A) Image in the vehicle control group.
Inserts show cross section of the mesenteric
artery at higher magnification. Bar in insert,
3 mm. (B-D) Images in the MH group. Inserts
show cross section of the mesenteric artery at
higher magnification. Bar in insert, 3 mm. (B
and C) These images are acquired from same
animal with perivascular lesions in a limited
area confirmed by histopathology. C shows a
site that is 1 mm caudal to the site in B. High
signal intensity region around the mesenteric
artery is seen in the limited area, as observed in
the image of B but not in the image of C. (D)
The image showing the lack of a high signal
intensity region is from an animal without his-
tological change. Arteries are indicated by
arrows.

different from that caused by the vasodilatory action of FM, could also
be detected by MRI by finding a high signal intensity region. Although
the histopathological severity of MH-induced arteritis, including peri-
vascular edema, was less than that of FM-induced arteritis and the MH-
induced changes were fully resolved, MH-induced arteritis could be
detected by MRI. In addition, the high signal intensity by MRI correlated
with histopathologic changes, even minimal changes. The results of our
previous and present studies suggest that, regardless of pathogenic
mechanism and degree of changes, MRI can detect perivascular edema
as a sign of arteritis and be used to detecting arteritis without performing
histopathological examination.

In all animals evaluated on 7 days after the administration of the
final dose, no lesion was observed in the histopathological examination,
suggesting that the lesion had fully resolved during the 6-day recovery
period. When the histopathological lesion disappeared, the high signal
intensity region was no longer observed by MRI. This suggests that the
presence or absence of a high signal intensity region in MRI can be a
useful criterion to confirm the arteritis is recovered or not as an indicator
of perivascular edema.

Arteritis is known to be fully recovered if the lesion was minimal
[12] and changes were also fully resolved in this study. Even a minimal
lesion, which disappeared over time, was detected in rats by MRI by
finding a high signal intensity region, suggesting that minimal lesions
could be detected in the clinical study. In other words, it could be
possible to judge the discontinuation of administration of a drug in the
phase of minimal lesion, which can be completely resolved. This is
extremely useful for conducting clinical trials of drugs that may cause
arteritis.

Histopathological examination revealed that MH induced arteritis in
the mesenteric, pancreatic, gastrointestinal, and renal arteries in rats,
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most frequently in mesenteric arteries. On the other hand, no abnor-
mality was observed in the femoral arteries and arteries in the heart.

In the previous study, administration of FM, which is a dopamine (D1
receptor) agonist and causes arteritis due to its vasodilatory action, also
induced arteritis in the mesenteric, pancreatic, and gastrointestinal ar-
teries in rats [5]. Although arteritis in the renal arteries was not induced
by subcutaneous administration in the previous study, it was induced by
intravenous administration of FM for 24 h [7,16]). Since D1 receptor is
expressed on the renal artery [1], the presence or absence of renal artery
lesions may depend on the duration of vasodilatory effects by FM. In
addition, alpha 1 receptor, on which midodrine acts, is also known to be
expressed on the renal artery [13] and arteritis induced by MH was
observed in renal arteries of some animals in this study.

In our studies, arteritis was commonly induced in the mesenteric,
pancreatic, and gastrointestinal arteries by MH and FM, suggesting that
these three arteries may be the predominant site of arteritis in rats.
Although alpha 1 receptor is also expressed in femoral and coronary
arteries, and D1 receptor is also expressed in coronary and other arteries
in the heart [6,11,17], no lesions were observed in these arteries in our
studies using MH- and FM-administered animals (Supplemental Table 1
shows the data of FM-administered animals). Considering that the main
lesion in the gastrointestinal arteries was observed in arteries in serosa
and adipose tissue around the gastrointestinal tract, a common point of
these affected arteries is that the surrounding tissues, such as adipose
tissue and pancreatic tissue, are soft. Therefore, we consider that arteries
without hard surrounding tissues are vulnerable to excessive vaso-
dilatory/vasoconstrictor action and therefore becomes predominant
sites. No hard tissue around the renal artery, where arteritis was
induced, is also consistent with this consideration.

Given that the LDsg of subcutaneously injected MH in female rats is
51 mg/kg in the interview form of Metligine (trade name of midodrine
hydrochloride), 40 mg/kg used for MRI assessment is close to the
maximum tolerated dose. However, the lesion induced by MH was less
severe than that induced by FM; the extent of the lesions including
perivascular edema in MH-administered animals was minimal, while
that in FM-administered animals ranged from minimal to moderate [5].
As for the perivascular edema, the extent was moderate in most
FM-administered animals. As regard to the mesenteric artery lesions,
histopathological changes in the arterial wall such as intramural hem-
orrhage were observed in all FM-administered animals, but in only 7 out
of 10 MH-administered animals, and no lesions including periarterial
lesions were observed in 1 of 10 MH-administered animals. It has also
been reported that hemorrhage is rare in MH-administered animals
[15]. Therefore, we consider that the frequency of arteritis-associated
hemorrhage occurrence may be higher with vasodilators. As a histo-
pathological difference other than arteries, no lesions were observed in
the kidney in FM-administered animals, but renal acute tubular necrosis
related to ischemia due to vasoconstriction was observed in some
MH-administered animals.

In conclusion, our results indicated that arteritis induced by vaso-
constrictor action, in addition to arteritis induced by vasodilatory action
as previously reported, can be detected using in vivo MRI. Furthermore,
we also showed that high signal intensity around the artery could be a
highly specific and sensitive candidate biomarker. However, further
investigation is needed to confirm that high signal intensity is a reliable
biomarker in humans. As part of that, we currently are considering
assessing this method using dogs or monkeys with drug-induced
arteritis.
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