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Introduction
The incidence of canine Cushing's syndrome (CS) 
has been estimated to be 0.2%, rendering it the most 
common endocrine disease (de Bruin et al., 2009; 
Carotenuto et al., 2019). Hypercortisolism (HAC) is one 
of the causes of CS (Boscaro et al., 2001; Behrend et al., 
2013; Nieman, 2015; Nivy et al., 2018). Cardiovascular 
complications, such as stroke, myocardial infarction, 
and pulmonary embolism, in human patients with HAC, 
are associated with mortality rates four times higher 
than those in the healthy population, indicating that the 
systemic changes associated with hyperglucocorticism 

(HGC) increase cardiovascular risk (Boscaro et 
al., 2001; van der Pas et al., 2013; Nieman, 2015). 
Furthermore, myocardial hypertrophy and cardiac 
diastolic and systolic dysfunction have been reported to 
occur due to morphological and functional changes in 
the heart, as specific cardiovascular changes in human 
patients with HAC (Sugihara et al., 1992; Isidori et al., 
2015). Specifically, hypertrophy of cardiomyocytes 
and an increase in the cardiac fiber count were reported 
as histopathological changes (Sugihara et al., 1992). 
Recently, left ventricular hypertrophy and cardiac 
dysfunction had been reported in dogs with HAC 
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Abstract
Background: In recent years, left ventricular hypertrophy and cardiac dysfunction have been reported in human and 
canine patients with hypercortisolism and in dogs treated experimentally with high-dose prednisolone. However, to 
our knowledge, there have been no reports on the effects of hyperglucocorticism (HGC) on the mitral valve (MV). 
Aim: This study aimed to compare the MV in dogs treated with high-dose prednisolone with that in healthy dogs to 
investigate the effects of HGC on the MV.
Methods: We investigated the effects of HGC on the MV by comparing samples obtained from high-dose glucocorticoid 
(GC)-treated (P) and healthy (C) dogs. The P group included healthy Beagle dogs (n = 6) treated with prednisolone (2 
mg/kg, bid, po) for 84 days and the C group included healthy Beagle dogs (n = 6) euthanized for unrelated reasons. 
The anterior and posterior mitral leaflets (AML and PML, respectively) from both groups were harvested and stained 
with hematoxylin–eosin, Alcian blue, and Masson trichome. Additionally, adiponectin (ADN) and GC receptor 
immunohistochemistry were performed. Histological evaluation was performed in the atrialis, spongiosa, fibrosa, and 
all layers of the proximal, middle, and distal regions of the AML and PML. 
Results: The proportion of the spongiosa layer thickness to the total thickness was higher in the P than in the C group 
(proximal and middle AML). However, the proportion of the fibrosa layer thickness to the total thickness was lower in 
the P than in the C group (middle PML). Areas of acidic sulfated mucosubstance deposition were smaller in the fibrosa 
layer and all layers (middle AML), while those of collagen deposition were smaller in the spongiosa and total layers 
(proximal and middle AML), in the P than in the C group. Additionally, ADN expression in the spongiosa layer was 
higher in the P than in the C group (middle AML). 
Conclusion: These findings suggest that long-term administration of synthetic GCs induces histological changes in the 
MV. These changes may lead to MV dysfunction in dogs with HGC.
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and in those experimentally treated with high-dose 
prednisolone (Chen et al., 2014; Oui et al., 2015; Takano 
et al., 2015; Tanaka et al., 2021). A histopathological 
study of dogs showed no apparent change in the 
myocardium when a 2 mg/kg prednisolone dose was 
administered every 12 hours for 28 days (Oui et al., 
2015). However, our recent study revealed that the 
same dose of prednisolone administered for 84 days 
caused fibrosis of the left ventricular myocardium and 
ventricular septum (Tanaka et al., 2021). In addition, 
it has been reported that left ventricular hypertrophy 
and cardiac dysfunction in human and canine CS 
cases are influenced by disease persistence (Fallo et 
al., 1994; Muiesan et al., 2003). Prednisolone is an 
orally administered synthetic glucocorticoid (GC) 
preparation, with an intermediate action duration of 
12–36 hours, and is commonly used in small animal 
veterinary medicine for inflammation, allergies, 
immune-mediated diseases, and neoplastic diseases 
(Feldman and Nelson, 2003). Long-term administration 
of synthetic GC preparations, such as prednisolone, is 
known to cause iatrogenic CS, with clinical findings 
that are very similar to spontaneous HAC (Komiyama 
et al., 1991). 
Proper leaflet function relies on the microstructural 
components of the tissues of the heart valve leaflet. 
These consist of collagen fibers, elastin fibers, 
proteoglycans, glycosaminoglycans (GAGs), and 
valvular interstitial cells (Lovekamp et al., 2006; 
Ross et al., 2019). Specifically, a recent study in pigs 
reported that GAGs are responsible for regulating 
extensibility and stress decay in atrioventricular heart 
valves (Ross et al., 2019). In addition, a study focusing 
on the mitral valve (MV) in sheep reported that the 
density of collagen fibers may be related to the stiffness 
and stress level of the MV (Kunzelman et al., 1998). 
MV disease is the most common cardiac disease in 
dogs (Terzo et al., 2009). To our knowledge, there have 
been no reports on the effects of HGC on the MV. This 
study aimed to compare the MV in dogs treated with 
high-dose prednisolone with that in healthy dogs, to 
investigate the effects of HGC on the MV.

Materials and Methods
Dogs
Twelve healthy male Beagles were included in this 
study. The six dogs that were included in the high-
dose prednisolone (P) group (body weight: 9.5–11.2 
kg, median body weight: 10.8 kg, age: 15–17 months, 
median age: 16 months) received 2 mg/kg of synthetic 
corticosteroid (5 mg prednisolone tablet YD; Yoshindo 
Co., Ltd., Toyama, Japan) orally every 12 hours for 84 
days. The clinical parameters of the P group included 
physical examination findings, complete blood 
count, blood biochemistry, electrocardiography, non-
invasive blood pressure measurement, and cardiac 
echocardiography findings at baseline (day 0) and at 
7, 28, 56, and 84 days after the initiation of synthetic 

corticosteroid. On day 0 examination, all six dogs 
in the P group were carefully evaluated to ensure 
that 1) they were healthy, 2) they were not present 
with test results outside the normal range, 3) did not 
show any evidence of systemic disease, and 4) did 
not show any congenital abnormalities of the heart or 
cardiac disease. At each examination time-point after 
the initiation of medication, the general condition of 
the dogs was checked to ensure that they were well 
enough to continue the experiment, and changes over 
time were evaluated (Tanaka et al., 2021). In addition, 
in the P group, tetracosactide (0.25 mg cortrosyn 
injection; Daiichi Sankyo Co., Ltd., Tokyo, Japan) was 
administered intramuscularly on day 0 and on day 84 
(125 μg for dogs weighing less than 5 kg and 250 μg 
for dogs weighing more than 5 kg), and blood samples 
were obtained at baseline and at 1 hour after injection 
for adrenocorticotropic hormone (ACTH) stimulation 
tests (Nivy et al., 2018). Serum cortisol concentrations 
were measured using the chemiluminescence enzyme 
immunoassay method (Fuji Film, Monolith, Tokyo, 
Japan). At the end of the treatment period, the dogs 
were euthanized by administration of pentobarbital 
(Kyoritsu Seiyaku, Tokyo, Japan; 90 mg/kg, iv) for 
histopathological examination. 
The control (C) group consisted of six dogs (body 
weight: 8.5–10.5 kg, median body weight: 9.6 kg, age: 
8–19 months, median age: 17.5 months), which were 
euthanized using a similar procedure but for other 
purposes (anatomy and surgical training of veterinary 
students). The dogs in group C underwent a preliminary 
physical examination, electrocardiography, and non-
invasive blood pressure measurement to confirm that 
there were no abnormalities or values outside of the 
reference range. 
The dogs in both groups P and C were housed in cages 
(0.7 m wide × 1.2 m deep × 1.5 m high). The temperature 
was 23°C, humidity was 50%–60%, and light and dark 
hours were from 6:00 am to 8:00 pm and from 8:00 
pm to 6:00 am, respectively. The dogs were kept in 
the cage for the duration of the experiment but could 
roam freely indoors for 1 hour twice daily (morning 
and evening). In addition, we assessed the dogs in 
group P every 12 hours at the time of prednisolone 
administration to ensure that they had no energy- or 
appetite-related issues, were drinking enough water, 
and had no gastrointestinal symptoms or injuries.
Histological preparation
After euthanasia, the anterior mitral leaflet (AML) and 
posterior mitral leaflet (PML) of the MV were rapidly 
(within approximately 10 minutes) harvested from the 
hearts of the dogs in both groups. Subsequently, the 
valve was fixed to a thick paper backing using a 4–0 
nylon thread with a needle to fix the valve as much as 
possible without curvature, and the edges of the valve, 
placed as far away from the center of the proximal and 
distal ends as possible, were fixed at four points: two 
points on the insertion site and two points on the free-
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end side. Afterward, the samples were immersed in 4% 
paraformaldehyde (PFA) in 0.1 M phosphate buffer 
(pH 7.4). These processes were performed within 30 
minutes after euthanasia in all dogs. Then, the MV 
leaflets were immersed in PFA for 24 hours at 4°C and 
fixed. After dividing the MV into two parts at a mid-
plain, parallel to the direction of the free end from the 
attachment, the tissue specimens were embedded in 
paraffin as usual. Then, the sections were prepared at 
a thickness of 5 μm. Hematoxylin–eosin (HE) staining 
was performed to measure layer thickness, cell counts 
in each layer (atrialis, spongiosa, and fibrosa layers), 
and the total layers, at each site (proximal, middle, and 
distal). Alcian blue (AB) staining was performed to 
evaluate GAGs density, and Masson’s trichrome (MT) 
staining was performed to evaluate collagen deposition, 
according to standard methods (Han et al., 2010; Tanaka 
et al., 2021). Specifically, HE staining was performed 
as follows. The slides were deparaffinized, rinsed in 
tap and ultrapure water, and stained in hematoxylin 
solution for 5 minutes. Then, they were rinsed in tap 
and ultrapure water and stained in eosin solution for 5 
minutes. AB staining was performed as follows. The 
slides were deparaffinized, rinsed in ultrapure water 
and 3% acetic acid water (AAW), and stained with AB 
(pH 2.5) for 30 minutes. Then, they were rinsed with 
3% AAW, tap water, and ultrapure water and stained 
with Kernechtrot for 3 minutes. 
MT staining was performed as described below. The 
slides were deparaffinized, rinsed in tap and ultrapure 
water, and stained in a mixture made from an equal 
amount of 10% potassium dichromate and 10% 
trichloroacetic acid for 20 minutes. Then, they were 
rinsed in tap and ultrapure water for 5 minutes each, 
stained in 0.75% orange G solution for 1 minute, and 
rinsed with 1% AAW. Then, the slides were stained 
in ponceau solution for 20 minutes and rinsed with 
1% AAW. Subsequently, they were stained in 2.5% 
phosphotungstic acid for 10 minutes, rinsed with 1% 
AAW, stained in aniline blue for 10 minutes, and rinsed 
again with 1% AAW.
Immunohistochemical stain
After deparaffinization, tissue sections were immersed 
in 1% H2O2 for 30 minutes to block endogenous 
peroxidase activity. The cells were washed with 0.01 M 
phosphate-buffered saline (PBS). To activate the target 
antigens, sections for anti-adiponectin (ADN) and anti-
GC receptor (GCR) immunohistochemical stains were 
subjected to microwave treatment at 500 W power for 
15 minutes. Then, the sections were cooled to room 
temperature and washed with PBS. Subsequently, the 
sections were treated with 10% normal goat serum 
(Nichirei Bioscience, Tokyo, Japan) and anti-GCR 
immunohistochemical stain sections were treated with 
0.01% normal goat serum (Nichirei Bioscience) for 30 
minutes. Then, anti-ADN immunohistochemical stain 

sections were treated with anti-rabbit ADN polyclonal 
antibody (1:100) (ab47852; Abcam, Cambridge, UK), 
and anti-GCR immunohistochemical stain sections were 
incubated with GCR alpha antibody (1:50) (ab3580; 
Abcam) overnight at room temperature. Sections were 
washed with PBS and, then, incubated with anti-rabbit 
immunoglobulin peroxidase-conjugated antibody 
(Simple Stain Rat MAX-PO [MULTI]; Nichirei 
Bioscience) for 1 hour at room temperature. The 
sections were subsequently washed with PBS again, 
stained with 3,3'-diaminobenzidine chromogen solution 
(Histofine DAB Substrate Kit; Nichirei Bioscience), 
and counterstained with hematoxylin.
Histological and immunological evaluation
For all staining methods, the area from the valve 
attachment to its free end was divided into three equal 
parts, and images were taken using a digital microscope 
camera (DP74; Olympus, Tokyo, Japan) in ×200 fields 
of view. The three sections were designated as proximal, 
middle, and distal (Markby et al., 2017). The proximal 
myocardium was excluded from all measurements 
and assessments. For HE staining, the thickness (μm) 
of the atrialis, spongiosa, fibrosa, and total layers was 
measured at each of the three sites using image analysis 
software (ImageJ, version 1.43u; National Institutes of 
Health, Bethesda, ML) (Fig. 1), and the average of three 
measurements was calculated to obtain the measured 
values. Concerning the details of the thickness 
measurement method in the image analysis software, 
the length and unit of the scale bar were inputted to 
obtain the actual length of the line, and the thickness of 
each layer was measured. The percentage (%) thickness 
of the atrialis, spongiosa, and fibrosa layers to the total 
thickness was calculated, and the number of cells in 
each layer was counted visually at each of the three sites. 
For AB and MT staining, the percentage of positively 
stained areas in the atrialis, spongiosa, fibrosa, and total 
layers in one field of view was calculated using the 
same image analysis software. Specifically, to calculate 
the percentage of positive-stained areas in ImageJ, we 
cleared the areas other than the target areas (e.g., the 
spongiosa, total layers), selected the target colors, and 
separated them. After confirming that the selected color 
area matched the actual image, the percentage of the 
selected color area in the target area was calculated. 
In the ADN immunohistochemical staining, the areas 
consisting of ADN-positive adipocyte cytoplasm in the 
spongiosa layer were measured and the percentages of 
ADN-positive areas in the spongiosa layer areas were 
calculated using the same image analysis software. For 
the GCR immunohistochemical staining, we assessed 
the MV region, in which the GCR was expressed. In 
addition, the percentage of the GCR-positive nuclei 
in the atrialis, spongiosa, fibrosa, and total layers in 
one field of view was calculated. All tissue sections 
were evaluated by two authors (S.T., M.S.), who were 
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blinded to group classification during the imaging and 
evaluation of histological sections.
Statistical analysis
Weight (kg), age (months), and other continuous 
variables, such as the thickness of each and total 
layers in HE staining (μm), percentage of each layer’s 
thickness relative to the total layer’s thickness in HE 
staining (%), percentage of the positively stained area 
in AB and MT staining (%), and the mean number of 
cells in each layer and the total layers in HE staining 
(cells), were examined. First, the Shapiro–Wilk test 
was performed to classify normally and non-normally 
distributed variables. Non-normally distributed 
variables were expressed as medians (range) and 
compared using the Kruskal–Wallis test. Univariable 
linear regression analysis was performed using the 
following dependent variables: the thickness of each 
layer in HE staining (μm), ratio of each layer to total 
layers in HE staining (%), percentage of positively 
stained area in AB staining (%), percentage of positively 
stained area in MT staining (%), and percentage of 
ADN-positive areas in the spongiosa layer (%). The 
independent variables were as follows: group (C 
and P), age (months), and weight (kg). Additional 
univariable linear regression was performed with the 
following dependent variables: the thickness of the 
spongiosa layer in HE staining (μm), percentage of the 

spongiosa layer in HE staining (%), percentage of the 
positively stained area in the spongiosa layer in AB 
staining (%), and percentage of the spongiosa layer that 
stained positively for ADN. The independent variables 
were as follows: group (C and P), age (months), and 
weight (kg). The results are presented as coefficients 
(Coe), standard errors (SE), p-values (p), and 95% 
confidence intervals (CIs). Model diagnostics were 
performed by assessing the normality of the residuals, 
and data that were not normally distributed were log-
transformed. Stata/IC 14.0 (StataCorp, College Station, 
TX), a commercial statistical software package, was 
used for the above-mentioned analyses. Statistical 
estimation and inference were performed using two-
tailed hypotheses and tests at the 5% significance level.
Ethical approval
This study was conducted after approval by the relevant 
Laboratory Animal Committee (approval number: 
2019S-72), and all dogs were handled in accordance 
with the guidelines for laboratory animals.

Results
Dogs
The clinical signs in group P included polyuria, which 
appeared a few days after the initiation of medication 
administration; however, no other problems were 
observed. Owing to an error in tissue processing in 

Fig. 1. Image showing each layer (atrialis, spongiosa, and fibrosa layer) used for measurement in a HE-stained 
sample in the proximal of the AML. (A) Atrialis layer; (B) spongiosa layer; and (C) fibrosa layer. Scale bar: 100 
μm.
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one of the samples from group P, the comparison study 
included six dogs in group C (body weight: 8.5–10.5 
kg, median body weight: 9.6 kg, age: 8–19 months, 
median age: 17.5 months) and five dogs in group 
P (body weight: 9.5–11.1 kg, median body weight: 
10.5 kg, age: 15–17 months, median age: 17 months). 
For the ACTH stimulation test in group P, the serum 
cortisol concentration on day 0 was 2.7 (1.1–4.4) μg/
dl at baseline and 9.8 (5.0–12.5) μg/dl post-stimulation, 
and the response in the serum cortisol concentration 
was assessed after stimulation. In contrast, the serum 
cortisol concentration on day 84 was 2.2 (0.5–3.7) μg/
dl at baseline, 1.5 (0.5–2.2) μg/dl post-stimulation, 
while no response was observed post-stimulation (the 
reference ranges of baseline and the post-stimulation 
cortisol concentration were 1.0–7.8 and 5.0–20.0 μg/
dl, respectively). The results of the echocardiographic 
examinations performed in group P have been reported 
previously (Tanaka et al., 2021).
HE staining
HE staining images of the MVs in both groups 
are presented in Figure 2, and the corresponding 
characteristics are reported in Table 1. As previously 
described (Markby et al., 2017), MVs are composed 
of the atrialis, spongiosa, and fibrosa layers of AML 
and PML. In the spongiosa layer, many adipocytes 
were detected in the proximal and middle regions, 

and thin bundles of cardiomyocytes were scattered in 
the proximal region. In univariable linear regression, 
the percentage of the spongiosa to the total layer (%) 
was greater in group P than in group C at the proximal 
AML (p = 0.018) and middle AML (p = 0.011). The 
percentage of the fibrosa layer to the total layers (%) 
was lower in group P than in group C in the middle PML 
(p = 0.047) (Table 2). There was no obvious difference 
in total layer thickness (μm) of either the AML or PML 
between the two groups. The characteristics, including 
mean cell numbers at each site and layer thickness, of 
both groups are presented in Table 3. In the univariable 
linear regression analysis, cell counts in the fibrosa layer 
were lower in group P than in group C at the proximal 
AML (p = 0.033), spongiosa layer (p = 0.046), and 
total layers (p = 0.049) at the middle of AML (Table 4). 
There was no association between these parameters and 
weight and age. 
AB staining 
AB staining images from groups C and P are shown 
in Figure 3, and the corresponding characteristics are 
reported in Table 5. AB-positive staining, indicating 
the presence of acidic sulfated mucosubstances, mostly 
GAGs, in the MV was mainly detected in the spongiosa 
layer of the AML in both groups. In most of the tissue 
samples, the spongiosa layer showed a dense deposition 
of an AB-positive extracellular matrix, whereas slight 

Fig. 2. HE-stained sample images of the MV (AML and PML) in the control and prednisolone groups. C group: 
Control group; P group: Prednisolone group; blue bar: atrialis layer; yellow bar: spongiosa layer; green bar: 
fibrosa layer; *: in univariable linear regression, the percentage (%) of the total layer occupied by the spongiosa 
layer was higher in group P than in group C at the proximal (p = 0.018) and middle AML (p = 0.011). In contrast, 
the percentage of the fibrosa layer thickness to the total layer thickness (%) was lower in group P than in group 
C in the middle PML region (p = 0.047) (Table 2); †: in univariable linear regression, cell counts in the fibrosa 
layer were lower in group P than in group C at the proximal AML (p = 0.033), in the spongiosa layer (p = 0.046), 
and overall (p = 0.049) at the middle AML region (Table 4). Scale bar: 100 μm.
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deposition was observed in the atrialis and fibrosa 
layers. In univariable linear regression, the percentage 
(%) of the positively stained area was lower in group P 
than in group C in the fibrosa layer of the middle AML 
(p = 0.031) and the total middle AML (p = 0.023) (Table 
6). Positive associations were observed between the 
percentage of AB-positive areas and the thickness of 
the total layers (Coe: 0.11 μm, 95% CI: 0.086–0.134, p 
< 0.0001), HE-staining results of the percentage of each 
layer (Coe: 0.39%, 95% CI: 0.31–0.45, p < 0.0001), 
and cell count (Coe: 0.053 cell, 95% CI: 0.04–0.06, p < 
0.0001). The percentage of AB-positive areas was not 
associated with body weight and age.
MT staining
The results of MT staining in both groups are presented 
in Figure 4, and the corresponding characteristics are 
presented in Table 7. MT-positive staining, indicating 
the presence of collagen, was mainly detected in the 

fibrosa layer of the AML and PML in both groups. MT-
positive staining was densely distributed in the fibrosa 
layer but was sparse in the atrialis and spongiosa layers. 
Univariable linear regression analysis showed that 
the percentage of the positively stained area (%) was 
lower in group P than in group C in the spongiosa layer 
and total layers in the proximal (p = 0.032 and 0.004, 
respectively) and in the middle (p = 0.004) of the AML. 
In the PML, the percentage of the positively stained 
area (%) was lower in the P than in the C group in the 
fibrosa and overall layers at the proximal end (p = 0.006 
and 0.004, respectively), in the fibrosa and total layers 
in the middle region (p = 0.009 and 0.002, respectively), 
and in the fibrosa and total layers at the distal region 
(p = 0.041 and 0.034, respectively) (Table 8). Positive 
associations were observed between the percentages of 
MT-positive areas (%) and the HE staining results of 
the thickness of total layers (Coe: 0.09 μm, 95% CI: 

Table 1. Total thickness (μm) and percentage of each layer (%) relative to the total thickness at the proximal, middle, and distal of 
the MV (AML and PML) in the control (n = 6) and prednisolone (n = 5) groups in samples stained with HE.

Control group Prednisolone group

p–value
Layer Unit

Median

(Min–Max)

Median

(Min–Max)

Proximal AML

Atrialis % 10.31 (2.73–17.59) 5.32 (1.60–10.16) 0.100
Spongiosa % 33.09 (31.70–50.78) 54.15 (38.23–73.29) 0.018

Fibrosa % 52.85 (40.46–65.58) 40.53 (24.49–53.78) 0.068
Total μm 255.20 (234.20–284.53) 246.10 (211.10–294.74) 1.000

Middle AML

Atrialis % 11.71 (5.35–19.95) 5.92 (2.31–10.98) 0.100
Spongiosa % 38.35 (32.21–58.23) 60.20 (49.08–79.87) 0.100

Fibrosa % 48.56 (28.16–58.35) 33.98 (12.80–44.99) 0.068
Total μm 217.42 (127.45–292.09) 200.65 (112.70–533.40) 1.000

Distal AML

Atrialis % 3.24 (1.18–17.34) 6.24 (0.80–7.87) 1.000
Spongiosa % 93.44 (53.84–97.98) 61.93 (43.45–97.99) 1.000

Fibrosa % 3.46 (0.83–33.82) 31.83 (1.21–48.92) 0.465
Total μm 159.61 (97.18–281.89) 152.13 (97.32–312.78) 0.584

Proximal PML

Atrialis % 12.76 (2.31–17.08) 4.73 (3.99–11.49) 0.201
Spongiosa % 48.21 (28.80–60.42) 56.68 (37.94–79.18) 0.273

Fibrosa % 41.09 (35.48–59.73) 38.81 (16.83–50.57) 0.584
Total μm 222.55 (73.12–393.11) 169.79 (124.69–220.25) 0.361

Middle PML

Atrialis % 6.28 (1.27–15.61) 1.09 (0.80–29.66) 0.201
Spongiosa % 30.66 (24.27–49.77) 54.89 (16.29–79.59) 0.144

Fibrosa % 61.35 (42.06–73.36) 44.02 (19.61–55.01) 0.045
Total μm 128.30 (95.43–175.48) 195.48 (101.73–278.03) 0.144

Distal PML

Atrialis % 2.81 (0.63–6.29) 1.88 (1.00–8.52) 1.000
Spongiosa % 94.70 (41.87–98.02) 93.74 (40.00–98.17) 0.465

Fibrosa % 1.96 (1.36–55.64) 4.56 (0.83–58.13) 0.361
Total μm 177.45 (152.37–275.18) 131.81 (59.52–269.34) 0.068

AML: anterior mitral leaflet; PML: posterior mitral leaflet.
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Continued

Table 2. Results of the univariable linear regression for the total thickness (μm) and the percentage of each layer (%) relative to 
the total thickness at the proximal, middle, and distal of the mitral valve (anterior and posterior mitral leaflets) in the control (n = 
6) and prednisolone (n = 5) groups in samples stained with hematoxylin and eosin.

Dependent  variable Independent variable Coe 95% CI p-value

Atrialis layer proximal of AML (%)
C group Reference
P group −5.29 −11.95–1.36 0.105

Spongiosa layer proximal of AML (%)
C group Reference
P group 19.24 4.19–34.30 0.018

Fibrosa layer proximal of AML (%)
C group Reference
P group −13.95 −27.93–0.04 0.051

Total layer proximal of AML (μm)
C group Reference
P group −0.02 −37.30–37.26 0.999

Atrialis layer middle of AML (%)
C group Reference
P group −6.12 −12.41–0.18 0.055

Spongiosa layer middle of AML (%)
C group Reference
P group 21.89 6.39–37.39 0.011

Fibrosa layer middle of AML (%)
C group Reference
P group −15.77 −32.83–1.28 0.066

Total layer middle of AML (μm)
C group Reference
P group 41.87 −119.93–203.68 0.573

Atrialis layer distal of AML (%)
C group Reference
P group −0.62 −7.55–6.30 0.843

Spongiosa layer distal of AML (%)
C group Reference
P group −8.47 −45.44–28.49 0.617

Fibrosa layer distal of AML (%)
C group Reference
P group 9.10 −23.51–41.71 0.544

Total layer distal of AML (μm)
C group Reference
P group 11.13 −85.44–107.70 0.800

Atrialis layer proximal of PML (%)
C group Reference
P group −3.76 −10.45–2.92 0.235

Spongiosa layer proximal of PML (%)
C group Reference
P group 10.53 −7.68–28.74 0.223

Fibrosa layer proximal of PML (%)
C group Reference
P group −6.77 −22.35–8.82 0.352

Total layer proximal of PML (μm)
C group Reference
P group −51.64 −172.40–69.12 0.359

Atrialis layer middle of PML (%)
C group Reference
P group −0.06 −12.93–12.81 0.992

Spongiosa layer middle of PML (%)
C group Reference
P group 17.15 −5.98–40.28 0.128

Fibrosa layer middle of PML (%)
C group Reference
P group −17.09 −33.88– −0.29 0.047

Total layer middle of PML (μm)
C group Reference
P group 56.73 −15.63–129.09 0.110
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0.07–0.11, p < 0.0001), the percentage of each layer 
(Coe: 0.17%, 95% CI: 0.11–0.23, p < 0.0001), and cell 
count (Coe: 0.05 cells, 95% CI: 0.04–0.06, p < 0.0001). 

A positive association was also observed between the 
MT and AB staining results (%) (Coe: 0.27%, 95% CI: 

Table 3. Mean cell counts (cells/field of view) at the proximal, middle, and distal of the mitral valve (anterior and posterior mitral 
leaflets) in the control (n = 6) and prednisolone (n = 5) groups in samples stained with hematoxylin–eosin.

Control group Prednisolone group
p-value

Layer Unit Median of mean 
(Min-Max)

Median of mean 
(Min-Max)

Proximal AML

Atrialis Cells 41.6 (24.3–85.7) 48.0 (11.0–89.7) 0.584
Spongiosa Cells 316.5 (147.3–593.7) 229.0 (190.7–262.7) 0.100

Fibrosa Cells 351.2 (195.0–410.0) 185.7 (86.7–331.7) 0.045
Total Cells 656.8 (489.0–788.3) 453.0 (353.7–682.3) 0.273

Middle AML

Atrialis cells 40.3 (27.0–68.0) 37.0 (26.0–65.3) 1.000
Spongiosa cells 290.7 (184.0–343.3) 189.3 (144.7–263.7) 0.083

Fibrosa cells 290.5 (188.3–579.3) 236.7 (130.3–284.7) 0.201
Total cells 612.5 (506.0–948.7) 495.0 (340.3–578.0) 0.018

Distal AML

Atrialis cells 51.3 (26.7–84.7) 40.3 (34.0–64.7) 0.361
Spongiosa cells 309.5 (143.7–418.0) 187.3 (119.7–525.3) 0.465

Fibrosa cells 127.8 (15.7–263.7) 131.7 (64.3–165.3) 1.000
Total cells 431.0 (341.7–725.3) 358.3 (285.0–654.3) 0.465

Proximal PML

Atrialis cells 61.2 (34.7–105.7) 64.7 (41.3–128.3) 0.584
Spongiosa cells 218.7 (114.7–360.7) 159.7 (147.0–289.7) 1.000

Fibrosa cells 284.7 (156.3–540.0) 333.3 (177.0–379.0) 0.855
Total cells 584.7 (320.7–931.7) 569.7 (482.7–602.7) 0.855

Middle  PML

Atrialis cells 42.3 (19.0–62.0) 37.3 (34.0–47.3) 0.584
Spongiosa cells 148.0 (71.0–341.7) 165.0 (130.0–183.3) 0.715

Fibrosa cells 218.3 (148.7–384.0) 244.0 (116.3–286.7) 0.855
Total cells 380.5 (287.7–787.7) 508.6 (349.3–613.3) 0.584

Distal PML

Atrialis cells 45.8 (26.7–54.3) 36.0 (25.0–88.7) 0.715
Spongiosa cells 280.5 (184.0–559.7) 406.3 (117.3–588.7) 1.000

Fibrosa cells 87.0 (17.0–307.3) 45.7 (20.3–165.0) 0.465
Total cells 583.8 (291.3–688.7) 539.0 (162.7–680.7) 0.715

(AML): anterior mitral leaflet; (PML): posterior mitral leaflet.

Dependent  variable Independent variable Coe 95% CI p-value

Atrialis layer distal of PML (%)
C group Reference
P group 0.37 −3.09–3.83 0.814

Spongiosa layer distal of PML (%)
C group Reference
P group −3.68 −35.00–27.63 0.800

Fibrosa layer distal of PML (%)
C group Reference
P group 3.31 −23.51–41.71 0.544

Total layer distal of PML (μm)
C group Reference
P group −47.10 −132.71–38.51 0.245

(AML): anterior mitral leaflet; (PML): posterior mitral leaflet; (C group): control group; (P group): prednisolone group; (Coe): coefficient; (95% 
CI): 95% confidence interval.
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Table 4. Results of univariable linear regression for the mean cell counts (cells/field of view) at proximal, middle, and distal of 
the MV (AML and PML) in the control (n = 6) and prednisolone (n = 5) groups in samples stained with HE.

Dependent variable Independent 
Variable Coe 95% CI p-value

Atrialis layer proximal of AML (cell)
C group Reference
P group −3.09 −40.18 to 34.00 0.855

Spongiosa layer proximal of AML (cell)
C group Reference
P group −137.01 −318.47 to 44.45 0.122

Fibrosa layer proximal of AML (cell)
C group Reference
P group −138.25 −262.70 to −13.81 0.033

Total layer proximal of AML (cell)
C group Reference
P group −116.64 −322.92 to 89.63 0.233

Atrialis layer middle of AML (cell)
C group Reference
P group −1.178 −23.39 to 21.04 0.907

Spongiosa layer middle of AML (cell)
C group Reference
P group −84.29 −166.65 to −1.93 0.046

Fibrosa layer middle of AML (cell)
C group Reference
P group −98.17 −250.06 to 53.73 0.178

Total layer middle of AML (cell)
C group Reference
P group −193.83 −386.10 to −1.57 0.049

Atrialis layer distal of AML (cell)
C group Reference
P group −8.57 −31.73 to 14.602 0.425

Spongiosa layer distal of AML (cell)
C group Reference
P group −38.25 −217.15 to 140.63 0.640

Fibrosa layer distal of AML (cell)
C group Reference
P group −17.02 −145.57 to 111.52 0.771

Total layer distal of AML (cell)
C group Reference
P group −52.31 −261.50 to 156.88 0.585

Atrialis layer proximal of PML (cell)
C group Reference
P group 7.66 −35.54 to 50.85 0.698

Spongiosa layer proximal of PML (cell)
C group Reference
P group −24.53 −133.71 to 84.65 0.623

Fibrosa layer proximal of PML (cell)
C group Reference
P group −17.69 −198.09 to 162.71 0.829

Total layer proximal of PML (cell)
C group Reference
P group −33.68 −273.47 to 206.12 0.758

Atrialis layer middle of PML (cell)
C group Reference
P group −3.64 −22.23 to 14.96 0.669

Spongiosa layer middle of PML (cell)
C group Reference
P group −17.48 −120.38 to 85.42 0.710

Fibrosa layer middle of PML (cell)
C group Reference
P group −15.00 −124.16 to 94.18 0.763

Total layer middle of PML (cell)
C group Reference
P group 13.23 −207.00 to 233.46 0.895
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Dependent variable Independent 
Variable Coe 95% CI p-value

Atrialis layer distal of PML (cell)
C group Reference
P group 3.63 −22.26 to 29.53 0.758

Spongiosa layer distal of PML (cell)
C group Reference
P group 14.01 −238.87 to 266.89 0.903

Fibrosa layer distal of PML (cell)
C group Reference
P group −60.78 −184.26 to 62.70 0.294

Total layer distal of AML (cell)
C group Reference
P group −61.58 −313.61 to 190.46 0.594

AML: anterior mitral leaflet; PML: posterior mitral leaflet; C group: control group; P group: prednisolone group; Coe: coefficient; 95% CI: 95% 
confidence interval.

Fig. 3. AB-stained sample images of the MV (AML and PML) in the control and prednisolone groups. The 
light blue stained areas indicate the presence of acidic sulfated mucosubstances. C group: Control group; P 
group: Prednisolone group; blue bar: atrialis layer; yellow bar: spongiosa layer; green bar: fibrosa layer; *: 
in univariable linear regression, the percentage (%) of the positively stained area was lower in group P than 
in group C in the fibrosa layer of the middle AML (p = 0.031) and the total layer of the middle AML (p = 
0.023) (Table 6). Scale bar: 100 μm.

0.17–0.36, p < 0.0001). The MT staining results were 
not associated with body weight and age.
Immunohistochemical staining
ADN immunohistochemistry revealed that ADN was 
mainly expressed in the cytoplasm of mature adipocytes 
in the spongiosa layer of the proximal part and the 
middle of the AML and PML in both groups (Fig. 5). 
The corresponding characteristics are presented in 
Table 9. Univariable linear regression revealed that the 
percentage of ADN-positive areas in the spongiosa layer 
was higher in the P than in the C group in the middle AML 
(p = 0.016). In contrast, there was no clear difference in 
the proximal AML (p = 0.311) or proximal and middle 

PML (p = 0.123 and 0.366, respectively) between the 
two groups (Table 10). The distal area could not be 
evaluated, as the expression of ADN was unclear. There 
was no association between the percentage of ADN-
positive areas and the HE staining results of the thickness 
of the layers, percentage of each layer, or cell counts. 
A negative association was observed between the ADN 
immunohistochemical and AB staining results (Coe: 
−0.38%, 95% CI: −0.60 to −0.16, p = 0.001). There was 
no association between the ADN immunohistochemistry 
results and the percentage of MT-positive areas, body 
weight, or age. 
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GCR-immunohistochemistry showed that GCR-
positive nuclei were mainly present in adipocytes and 
cardiomyocytes in the spongiosa layer as well as in the 
fibrosa layer of the AML and PML in both groups C 
and P (Fig. 6). The corresponding characteristics are 
presented in Table 11. Univariable linear regression 
revealed that the percentage of GCR-positive nuclei 
in the fibrosa layer in the proximal AML (p = 0.039) 
and spongiosa layer in the distal AML (p = 0.034) was 
lower in the P than in the C group. In the PML, the 
percentage of GCR-positive nuclei was lower in the P 
than in the C group in the fibrosa and total layers in 
the proximal region (p = 0.031 and 0.031, respectively) 
(Table 12).

Discussion
In this study, we demonstrated that long-term 
administration of high-dose prednisolone induced 
histological changes in the MV in dogs, such as 
decreased deposition of collagen and acidic sulfated 

mucosubstances and an increase in the spongiosa layer 
thickness, accompanied by an increase in adipocytes. 
However, there were no obvious differences in the 
total layer thickness or the amount of acidic sulfated 
mucosubstances in the spongiosa layer between the two 
groups. GCR-immunoreactivity was mainly detected in 
the cardiomyocytes and spongiosa layers, including in 
the adipocytes and the fibrosa layers, indicating that 
the MV could be an important target of GCs. These 
findings suggest that persistent HGC directly affects 
and induces histological changes in the MV. 
In this study, despite the decrease in the number of 
cells in the spongiosa layer of the AML, an increase 
in the percentage of the spongiosa layer thickness to 
the total layer thickness was observed, and there was 
no accumulation of acidic sulfated mucosubstances. 
Furthermore, ADN immunohistochemistry confirmed 
the presence of mature adipocytes in the spongiosa layer 
and showed a significant increase in the area consisting 
of ADN-positive adipocytes in the middle area of the 

Table 5. Percentage of the positive staining area (%) at the proximal, middle, and distal of the MV (AML and PML) in the 
control (n = 6) and prednisolone (n = 5) groups in samples stained with AB.

Control group Prednisolone group
p-value

Layer Unit Median (Min-Max) Median (Min-Max)

Proximal AML

Atrialis % 0.13 (0.06–0.30) 0.30 (0.02–0.35) 0.361
Spongiosa % 1.78 (0.45–2.47) 1.56 (0.63–24.62) 0.855

Fibrosa % 5.84 (0.91–19.92) 3.04 (0.27–26.01) 0.584
Total % 8.18 (1.36–20.83) 4.45 (2.09–28.65) 1.000

Middle AML

Atrialis % 0.12 (0.03–1.97) 0.14 (0.03–0.40) 0.855
Spongiosa % 16.33 (8.42–44.03) 2.30 (0.36–38.47) 0.201

Fibrosa % 12.21 (4.41–28.63) 3.25 (0.36–8.13) 0.011
Total % 39.40 (24.15–58.99) 10.69 (3.36–41.63) 0.029

Distal AML

Atrialis % 0.25 (0.06–0.42) 1.65 (0.05–2.86) 0.584
Spongiosa % 26.83 (11.51–68.07) 22.81 (18.85–66.34) 0.584

Fibrosa % 3.32 (0.02–19.86) 2.78 (1.60–21.42) 1.000
Total % 48.74 (12.45–71.18) 44.35 (26.39–68.03) 0.715

Proximal PML

Atrialis % 1.16 (0.18–2.68) 0.45 (0.11–0.67) 0.068
Spongiosa % 7.07 (2.71–21.53) 8.52 (3.58–44.21) 0.465

Fibrosa % 14.15 (4.33–21.17) 7.95 (1.20–14.09) 0.201
Total % 23.65 (11.12–50.49) 21.21 (8.22–45.68) 0.361

Middle PML

Atrialis % 0.90 (0.11–1.42) 0.11 (0.08–0.89) 0.100
Spongiosa % 8.08 (2.11–33.81) 10.54 (2.06–64.82) 0.465

Fibrosa % 19.40 (9.66–38.31) 7.51 (1.08–30.16) 0.201
Total % 33.38 (22.58–51.81) 29.47 (4.83–66.39) 0.465

Distal PML

Atrialis % 63.25 (27.90–89.17) 38.72 (27.90–66.70) 0.068
Spongiosa % 0.90 (0.35–5.47) 0.34 (0.29–1.05) 0.584

Fibrosa % 53.71 (2.63–81.98) 37.87 (11.98–63.16) 0.201
Total % 3.72 (1.34–40.01) 1.12 (0.25–15.53) 0.273

AML: anterior mitral leaflet; PML: posterior mitral leaflet.
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Table 6. Results of the univariable linear regression for the percentage of positive staining area (%) at the proximal, middle, and 
distal of the MV (AML and PML) in the control (n = 6) and prednisolone groups (n = 5) in samples stained with AB.

Dependent variable Independent variable Coe 95% CI p-value

Atrialis layer proximal of AML (%)
C group Reference
P group 0.076 −0.09 to 0.24 0.321

Spongiosa layer proximal of AML (%)
C group Reference
P group 4.56 −4.92 to 14.05 0.304

Fibrosa layer proximal of AML (%)
C group Reference
P group 0.16 −11.85 to 12.18 0.976

Total layer proximal of AML (%)
C group Reference
P group 4.74 −9.49 to 18.96 0.471

Atrialis layer middle of AML (%)
C group Reference
P group −0.29 −1.07 to 0.50 0.433

Spongiosa layer middle of AML (%)
C group Reference
P group −10.70 −31.86 to 10.46 0.282

Fibrosa layer middle of AML (%)
C group Reference
P group −12.07 −22.73 to −1.40 0.031

Total layer middle of AML (%)
C group Reference
P group −22.77 −41.66 to −3.87 0.023

Atrialis layer distal of AML (%)
C group Reference
P group 0.26 −1.26 to 1.78 0.706

Spongiosa layer distal of AML (%)
C group Reference
P group −5.20 −36.68 to 26.28 0.717

Fibrosa layer distal of AML (%)
C group Reference
P group 0.73 −10.14 to 11.60 0.883

Total layer at distal of AML (%)
C group Reference
P group −3.69 −29.55 to 22.17 0.754

Atrialis layer proximal of PML (%)
C group Reference
P group −0.97 −2.06 to 0.12 0.075

Spongiosa layer proximal of PML (%)
C group Reference
P group 4.52 −12.83 to 21.88 0.570

Fibrosa layer proximal of PML (%)
C group Reference
P group −5.31 −13.52 to 2.91 0.178

Total layer proximal of PML (%)
C group Reference
P group −2.76 −21.05 to 15.53 0.741

Atrialis layer middle of PML (%)
C group Reference
P group −0.43 0.25 to 0.15 0.130

Spongiosa layer middle of PML (%)
C group Reference
P group 10.22 −15.84 to 36.28 0.398

Fibrosa layer middle of PML (%)
C group Reference
P group −9.48 −24.76 to 5.81 0.194

Total layer middle of PML (%)
C group Reference
P group −5.09 −28.65 to 18.48 0.637

Continued
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AML in group P as compared to group C. It has been 
reported that adipocytes are present in the spongiosa 
layer in the proximal third of normal MV leaflets in 
dogs (Fox, 2012). In humans, GCs may promote the 
differentiation of pre-adipocytes into mature adipocytes 
in a dose-dependent manner, resulting in adipocyte 
hypertrophy (Ottosson et al., 2000; Peckett et al., 2011). 
The observed inconsistency in the spongiosa layer may 
be accounted for by persistent HGC, which may have 
caused hypertrophy of adipocytes and the increase 
in the ADN-positive adipocyte area in the spongiosa 

layer. In addition, it has been reported that acidic 
sulfated mucosubstances may exert lipolytic effects by 
activating lipoprotein lipase (Gallagher et al., 1986). In 
this study, there was no obvious difference in the acidic 
sulfated mucosubstance level in the spongiosa layer in 
the middle AML between the two groups, suggesting 
that the enlargement of adipocytes in the spongiosa 
layer was not caused by a decrease in acidic sulfated 
mucosubstances, but rather attributed to the stimulation 
of adipocytes by GCs (Ottosson et al., 2000; Peckett et 
al., 2011).

Dependent variable Independent variable Coe 95% CI p-value

Atrialis layer distal of PML (%)
C group Reference
P group −1.39 −3.43 to 0.65 0.159

Spongiosa layer distal of PML (%)
C group Reference
P group −8.37 −48.55 to 31.81 0.649

Fibrosa layer distal of PML (%)
C group Reference
P group −6.01 −22.43 to 10.40 0.429

Total layer distal of AML (%)
C group Reference
P group −15.85 −47.33 to 15.63 0.284

AML: anterior mitral leaflet; PML: posterior mitral leaflet; C group: control group; P group: prednisolone group; Coe: coefficient; 95% CI: 95% 
confidence interval.

Fig. 4. MT-stained sample images of the MV (AML and PML) in the control and prednisolone groups. 
The blue-stained areas indicate the presence of collagen-rich deposits. C group: Control group; P group: 
Prednisolone group; blue bar: atrialis layer; yellow bar: spongiosa layer; green bar: fibrosa layer; *: univariable 
linear regression analysis of the percentage of the positively stained area (%) was lower in group P than in 
group C in the spongiosa layer and total layers of the proximal AML (p = 0.032 and 0.004, respectively); 
in the total layer of the middle of the AML (p = 0.004); in the fibrosa layer and total layers of the proximal 
PML (p = 0.006 and 0.004, respectively); in the fibrosa layer and total layers in the middle PML (p = 0.009 
and 0.002, respectively); and in the fibrosa layer and total layers in the distal of the PML (p = 0.041, 0.034) 
(Table 8). Scale bar: 100 μm.
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Table 7. Percentage of the positive staining area (%) at the proximal, middle, and distal of the MV (AML and PML) between the 
control and prednisolone groups in samples stained with MT.

Control group Prednisolone group
p-value

Layer Unit Median (Min-Max) Median (Min-Max)

Proximal AML

Atrialis % 1.10 (0.21–2.76) 0.87 (0.23–1.51) 0.715
Spongiosa % 7.46 (3.36–13.67) 3.02 (1.48–6.27) 0.029

Fibrosa % 34.19 (3.16–49.79) 27.28 (20.69–46.32) 0.273
Total % 51.69 (41.65–60.81) 34.06 (23.75–51.94) 0.029

Middle AML

Atrialis % 1.71 (0.39–8.19) 0.38 (0.20–0.88) 0.045
Spongiosa % 7.31 (4.52–18.47) 4.48 (2.17–9.65) 0.100

Fibrosa % 35.43 (20.33–60.11) 18.99 (12.00–25.12) 0.045
Total % 46.13 (27.63–65.28) 23.41 (17.16–30.48) 0.011

Distal AML

Atrialis % 1.50 (0.62–9.47) 0.50 (0.04–1.79) 0.068
Spongiosa % 15.46 (7.50–24.23) 11.16 (2.82–17.24) 0.201

Fibrosa % 11.29 (1.49–37.02) 8.06 (4.57–14.18) 0.715
Total % 31.21 (16.72–55.21) 23.83 (13.95–43.19) 0.361

Proximal PML

Atrialis % 2.50 (0.36–6.98) 0.34 (0.20–1.15) 0.018
Spongiosa % 9.51 (3.58–42.69) 7.72 (5.87–28.67) 0.715

Fibrosa % 33.31 (18.16–41.98) 13.34 (2.13–24.22) 0.018
Total % 48.29 (37.00–65.17) 27.98 (10.32–40.90) 0.011

Middle PML

Atrialis % 0.95 (0.72–6.17) 0.30 (0.09–0.67) 0.006
Spongiosa % 12.94 (3.82–22.65) 9.07 (3.24–11.77) 0.144

Fibrosa % 34.72 (9.67–39.26) 12.67 (6.75–20.69) 0.045
Total % 47.06 (32.43–60.17) 19.58 (15.94–33.37) 0.011

Distal PML

Atrialis % 1.06 (0.31–1.54) 0.47 (0.03–0.82) 0.100
Spongiosa % 13.89 (4.03–25.65) 5.58 (2.86–18.16) 0.144

Fibrosa % 20.56 (8.61–35.66) 2.37 (1.69–20.25) 0.029
Total % 25.74 (23.98–60.32) 16.69 (5.48–23.60) 0.006

AML: anterior mitral leaflet; PML: posterior mitral leaflet.

Regarding the decreased acidic sulfated mucosubstances 
in the fibrosa and the total layer of the middle of the 
AML, GAGs have been shown to be particularly 
densely distributed in the spongiosa, whereas they are 
detected throughout the atrioventricular heart valves 
(Lovekamp et al., 2006; Ross et al., 2019). Recently, 
biaxial mechanical testing of extensibility after GAG 
removal in the atrioventricular heart valves of pigs 
showed significantly reduced stress decay and larger 
tissue extensibility than that in untreated tissue (Ross 
et al., 2019). This report indicated that GAGs are 
important for the normal function of atrioventricular 
heart valves, and GAG deficiency can lead to a 
significant increase in extensibility, which can cause 
unforeseen events, such as valvular heart disease. Type 
I and III collagen are present in the MV (ratio of 3:1), 
regarding the decreased deposition of collagen; in the 
AML—specifically, in the spongiosa and total layer 
of the proximal region, and in the total layer of the 
middle region; in the PML—specifically, in the fibrosa 

and total layer of proximal, middle, and distal regions 
(Kunzelman et al., 1998). These fibrillar collagens form 
banded fibrils and provide tissues with tensile strength, 
while also influencing cell attachment and migration 
(Ku et al., 2006). A report focusing on the MV in 
sheep suggests that a decrease in collagen density 
may result in a decrease in the stiffness and stress 
level of MVs (Kunzelman et al., 1998). Therefore, 
the reduction of acidic sulfated mucosubstances and 
collagen deposition in group P may lead to mechanical 
abnormalities (mainly reduced resistance to mechanical 
loading). It should be noted that prednisolone has a 
weak aldosterone action as well as strong GC action. 
Specifically, it has been reported that aldosterone may 
be associated with fibromyxomatous alterations by 
increasing proteoglycan (core protein and GAG-bound) 
secretion in the MV (Ibarrola et al., 2020). However, 
in this study, GAGs decreased in the P group, which 
is not consistent with the histological changes caused 
by aldosterone. Therefore, in this study, the decrease 
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Table 8. Results of the univariable linear regression for the percentage of the positive staining area (%) at the proximal, middle, 
and distal of the MV (AML and PML) in the control (n = 6) and prednisolone groups (n = 5) in samples stained with MT.

Dependent  variable Independent Variable Coe 95% CI p-value

Atrialis layer proximal of AML (%)
C group Reference
P group −0.37 −1.52 to 0.78 0.488

Spongiosa layer proximal of AML (%)
C group Reference
P group −4.47 −8.46 to −0.48 0.032

Fibrosa layer proximal of AML (%)
C group Reference
P group −2.85 −22.08 to 16.38 0.745

Total layer proximal of AML (%)
C group Reference
P group −16.53 −29.22 to −3.84 0.016

Atrialis layer middle of AML (%)
C group Reference
P group −2.60 −5.92 to 0.72 0.111

Spongiosa layer middle of AML (%)
C group Reference
P group −3.67 −9.33 to 1.98 0.176

Fibrosa layer middle of AML (%)
C group Reference
P group −15.12 −30.61 to 0.37 0.055

Total layer middle of AML (%)
C group Reference
P group −22.95 −36.57 to −9.33 0.004

Atrialis layer distal of AML (%)
C group Reference
P group −2.46 −6.02 to 1.10 0.152

Spongiosa layer distal of AML (%)
C group Reference
P group −4.58 −12.89 to 3.74 0.245

Fibrosa layer distal of AML (%)
C group Reference
P group −5.73 −20.05 to 8.59 0.389

Total layer distal of AML (%)
C group Reference
P group −7.35 −24.84 to 10.15 0.367

Atrialis layer proximal of PML (%)
C group Reference
P group −2.14 −−4.59 to 0.30 0.078

Spongiosa layer proximal of PML (%)
C group Reference
P group −3.22 −20.94 to 14.51 0.691

Fibrosa layer proximal of PML (%)
C group Reference
P group −17.78 −29.13 to −6.43 0.006

Total layer proximal of PML (%)
C group Reference
P group −23.83 −37.96 to −9.71 0.004

Atrialis layer middle of PML (%)
C group Reference
P group −1.60 −3.78 to 0.59 0.133

Spongiosa layer middle of PML (%)
C group Reference
P group −4.80 −12.30 to 2.69 0.181

Fibrosa layer middle of PML (%)
C group Reference
P group −17.92 −30.07 to −5.77 0.009

Total layer middle of PML (%)
C group Reference
P group −23.49 −35.62 to −11.35 0.002

Atrialis layer distal of PML (%)
C group Reference
P group −0.55 −1.16 to 0.06 0.070

Continued
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in the GAG level may be attributed to the GC effect of 
prednisolone.
The results of HE and AB staining showed that the 
changes occurred mainly in the AML, which tended 

to show more evidence of degeneration than the PML. 
This trend was similar to that reported in a previous 
study of mitral regurgitation, the most common 
valvular disease in dogs, in which the AML and PML 

Dependent  variable Independent Variable Coe 95% CI p-value

Spongiosa layer distal of PML (%)
C group Reference
P group −5.84 −15.39 to 3.72 0.200

Fibrosa layer distal of PML (%)
C group Reference
P group −13.37 −26.06 to −0.68 0.041

Total layer distal of AML (%)
C group Reference
P group −18.14 −34.52 to −1.75 0.034

AML: anterior mitral leaflet; PML: posterior mitral leaflet; C group: control group; P group: prednisolone group; Coe: coefficient; 95% CI: 95% 
confidence interval.

Fig. 5. ADN-immunohistochemistry images of the MV (AML and PML) in the control and prednisolone 
groups. Arrowheads show ADN-positive areas in the cytoplasm of mature adipocytes in the spongiosa layer. 
C group: Control group; P group: Prednisolone group; blue bar: atrialis layer; yellow bar: spongiosa layer; 
green bar: fibrosa layer; *: in univariable linear regression the percentage of the ADN-positive areas in the 
spongiosa layer was higher in group P than in group C in the middle of the AML (p = 0.016) (Table 9). Scale 
bar: 100 μm.

Table 9. Percentage of the po  sitive staining area (%) at proximal, middle, and distal of the MV (AML and PML) in the control 
(n = 6) and prednisolone (n = 5) groups in samples immunohistochemically stained for ADN.

Control group Prednisolone group
p-value

Layer Unit Median (Min-Max) Median (Min-Max)
Proximal AML Spongiosa % 58.99 (37.66–66.41) 58.80 (49.71–76.58) 0.361
Middle AML Spongiosa % 24.25 (8.96–39.72) 48.03 (30.40–82.30) 0.029
Distal AML Spongiosa % - - -

Proximal PML Spongiosa % 47.14 (34.49–66.71) 55.16 (49.42–73.71) 0.201
Middle PML Spongiosa % 53.17 (10.25–59.60) 49.04 (30.72–65.37) 0.361
Distal PML Spongiosa % - - -

AML: anterior mitral leaflet; PML: posterior mitral leaflet.
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deviation values were reported to be 48.4% and 7.1%, 
respectively (44.5% AML and PML deviation) (Terzo 
et al., 2009). This finding may be accounted for by the 
observation that, in normal MVs, the AML is larger in 
size than the PML (Fox, 2012) and is susceptible to 

the effects of the high circulating GC levels in HAC. 
In addition, the areas of degeneration in group P were 
mainly at the proximal or middle of AML, and there was 
little histological difference between the two groups 
at the distal end of the valve leaflet. These findings 

Table 10. Results of the univariable linear regression for the percentage of the positive staining area (%) at the proximal, middle, 
and distal of the MV (AML and PML) in the control (n = 6) and prednisolone (n = 5) groups in samples immunohistochemically 
stained with ADN.

Dependent  variable Independent variable Coe 95% CI p-value

Spongiosa layer proximal of AML (%)
C group Reference
P group 7.49 −8.30 to 23.28 0.311

Spongiosa layer middle of AML (%)
C group Reference
P group 30.02 6.99 to 53.06 0.016

Spongiosa layer distal of AML (%)
C group Reference
P group - - -

Spongiosa layer proximal of PML (%)
C group Reference
P group 12.93 −4.24 to 30.09 0.123

Spongiosa layer middle of PML (%)
C group Reference
P group 11.39 −13.96 to 36.73 0.336

Spongiosa layer distal of PML (%)
C group Reference
P group - - -

AML: anterior mitral leaflet; PML: posterior mitral leaflet; C group: control group; P group: prednisolone group; Coe: coefficient; 95% CI: 95% 
confidence interval.

Fig. 6. GCR immunohistochemistry images of the MV (AML and PML) in the control and prednisolone 
groups. Arrowheads show GCR-positive nuclei in the spongiosa (mainly expressed in adipocytes and 
cardiomyocytes) and fibrosa layer. C group: Control group; P group: Prednisolone group; blue bar: atrialis 
layer; yellow bar: spongiosa layer; green bar: fibrosa layer; *: univariable linear regression analysis of the 
percentage of GCR-positive nuclei (%) was lower in group P than in group C in the fibrosa layer in the 
proximal AML (p = 0.039); in the spongiosa layer in the distal AML (p = 0.034); in the fibrosa and total 
layers in the proximal PML (p = 0.031 and 0.031, respectively) (Table 12). GCR was expressed in the 
spongiosa and fibrosa layers of the AML and PML in groups C and P. Scale bar: 100 μm.
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may be accounted for by canine blood vessels that are 
distributed from the valve attachment to two-thirds of 
the total length of the valve (Sonnenblick et al., 1967). 
In the proximal and middle parts of the valve, where 
degeneration was mainly observed in this study, the 
effects of HGC may have been influenced by the blood 
flow hitting the MV surface in the heart and the blood 
supply in the MV. 
The GCR immunohistochemistry results showed that 
the percentage of GCR-positive nuclei in group P was 
significantly reduced compared to that in group C. 
As excess GC has been reported to downregulate the 
GCR (Lipworth, 2000; Tanaka et al., 2021), in this 
study, persistent HGC from continuous prednisolone 
administration may have affected the MV and may 
have downregulated GCR in the MV.
The results of this study suggest that persistent HGC 
exposure causes histological changes in the MV and 
associated mechanical abnormalities, such as an 
increase in extensibility and a decrease in stiffness and 

the stress level. HAC, the most common cause of HGC 
in dogs, is also common in middle-aged and older dogs, 
and this age of predilection overlaps with the age at 
which chronic valvular disease is prevalent (Olsen et 
al., 2003; Connell et al., 2012). Therefore, prolonged 
administration of synthetic GCs or the presence of 
HAC in dogs with chronic valvular disease, the most 
common cardiac disease in dogs, may further contribute 
to mechanical abnormalities in the MV.
This study has several limitations. First, the number 
of dogs used in this study was small, because we used 
the minimum number of animals required in respect of 
ethical standards. Nevertheless, the presented findings 
may be affected by outliers. Second, prednisolone 
has four times stronger GC activity than cortisol; 
therefore, the effect of GC on the MV tissue in this 
study may have been greater than that in patients with 
HAC (Feldman and Nelson, 2003). In this regard, it 
has been reported that left ventricular hypertrophy 
and cardiac dysfunction in dogs and humans with CS 

Table 11. Percentage of the positive nuclei (%) at the proximal, middle, and distal of the MV (AML and PML) between the 
control and prednisolone groups in samples immunohistochemically stained with GCR.

Control group Prednisolone group
p-value

Layer Unit Median (Min-Max) Median (Min-Max)

Proximal AML

Atrialis % 19.09 (0–56.25) 14.29 (0–53.33) 0.784
Spongiosa % 37.34 (17.24–44.12) 20.00 (7.41–42.31) 0.273

Fibrosa % 33.93 (14.71–52.38) 11.11 (6.98–24.58) 0.045
Total % 31.13 (15.00–45.45) 12.62 (8.79–35.83) 0.100

Middle AML

Atrialis % 10.99 (0–30.00) 8.33 (5.26–36.36) 0.855
Spongiosa % 30.98 (15.15–50.00) 22.50 (5.06–37.50) 0.361

Fibrosa % 35.40 (5.00–48.84) 11.54 (5.56–47.06) 0.465
Total % 29.74 (14.42–39.67) 23.60 (5.80–36.36) 0.273

Distal AML

Atrialis % 22.92 (12.20–60.00) 20.00 (10.20–41.70) 0.465
Spongiosa % 37.72 (25.93–57.58) 25.00 (20.37–33.33) 0.023

Fibrosa % 22.30 (10.20–42.31) 17.39 (9.09–58.54) 0.584
Total % 30.85 (17.98–49.25) 24.66 (17.19–36.84) 0.273

Proximal PML

Atrialis % 29.29 (9.09–46.67) 9.09 (0–35.71) 0.235
Spongiosa % 35.03 (11.11–66.67) 12.90 (5.56–37.25) 0.007

Fibrosa % 32.32 (21.28–47.37) 19.51 (9.68–28.89) 0.029
Total % 29.48 (25.58–50.00) 16.47 (9.27–33.64) 0.045

Middle PML

Atrialis % 23.91 (3.33–37.50) 14.29 (5.56–40.00) 0.855
Spongiosa % 32.20 (15.00–52.94) 26.47 (9.52–47.62) 0.465

Fibrosa % 31.72 (17.65–43.33) 34.03 (7.69–56.10) 0.831
Total % 32.78 (14.43–40.00) 35.24 (8.93–46.40) 0.670

Distal PML

Atrialis % 18.18 (7.14–33.33) 9.09 (3.13–33.33) 0.315
Spongiosa % 27.62 (12.90–52.94) 15.56 (6.25–36.59) 0.361

Fibrosa % 22.38 (8.82–60.60) 28.00 (0–54.29) 1.000
Total % 24.30 (15.38–39.62) 28.74 (5.08–41.88) 0.855

AML: anterior mitral leaflet; PML: posterior mitral leaflet.
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Table 12. Results of the univariable linear regression for the percentage of the positive nuclei (%) at the proximal, middle, and 
distal of the MV (AML and PML) in the control (n = 6) and prednisolone groups (n = 5) in samples immunohistochemically 
stained with GCR.

Dependent  variable Independent Variable Coe 95% CI p-value

Atrialis layer proximal of AML (%)
C group Reference
P group 0.04 −0.27 to 0.36 0.758

Spongiosa layer proximal of AML (%)
C group Reference
P group −0.11 −0.28 to 0.06 0.183

Fibrosa layer proximal of AML (%)
C group Reference
P group −0.20 −0.39 to −0.01 0.039

Total layer proximal of AML (%)
C group Reference
P group −0.13 −0.30 to 0.03 0.101

Atrialis layer middle of AML (%)
C group Reference
P group 0.08 −0.15 to 0.17 0.907

Spongiosa layer middle of AML (%)
C group Reference
P group −0.09 -0.27 to 0.10 0.316

Fibrosa layer middle of AML (%)
C group Reference
P group −0.09 −0.34 to 0.16 0.448

Total layer middle of AML (%)
C group Reference
P group −0.07 −0.24 to 0.09 0.324

Atrialis layer distal of AML (%)
C group Reference
P group −0.08 −0.29 to 0.14 0.445

Spongiosa layer distal of AML (%)
C group Reference
P group −0.14 −0.27 to −0.01 0.034

Fibrosa layer distal of AML (%)
C group Reference
P group 0.007 −0.21 to 0.23 0.942

Total layer distal of AML (%)
C group Reference
P group −0.07 −0.20 to 0.07 0.293

Atrialis layer proximal of PML (%)
C group Reference
P group −0.14 −0.34 to 0.06 0.142

Spongiosa layer proximal of PML (%)
C group Reference
P group −0.18 −0.41 to 0.04 0.098

Fibrosa layer proximal of PML (%)
C group Reference
P group −0.15 −0.28 to −0.02 0.031

Total layer proximal of PML (%)
C group Reference
P group −0.14 −0.27 to −0.02 0.031

Atrialis layer middle of PML (%)
C group Reference
P group −0.02 −0.21 to 0.17 0.805

Spongiosa layer middle of PML (%)
C group Reference
P group −0.06 −0.27 to 0.16 0.582

Fibrosa layer middle of PML (%)
C group Reference
P group 0.02 −0.23 to 0.27 0.857

Total layer middle of PML (%)
C group Reference
P group 0.01 −0.19 to 0.21 0.898

Continued
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are influenced by disease persistence (Fallo et al., 
1994; Muiesan et al., 2003). Third, although HGC 
persists in spontaneous HAC, the dogs in group P were 
administered prednisolone twice daily, which may 
have caused an intermittent increase in blood counts, 
and the duration of systemic organ exposure to GCs 
may have been different from that in clinical cases 
of CS. Fourth, hypertrophy and diastolic dysfunction 
of the left ventricular myocardium were observed in 
group P (Tanaka et al., 2021), and we cannot rule out 
the possibility that the histological changes in the MV 
observed in this study were secondary to myocardial 
remodeling.
Overall, this study revealed that HGC may cause 
histological changes in the MV. HGC may adversely 
affect the cardiovascular system in animals and humans 
(Sugihara et al., 1992; Chen et al., 2014; Isidori et al., 
2015; Oui et al., 2015; Takano et al., 2015; Tanaka et 
al., 2021). The present findings may help elucidate the 
effects of HGC on the cardiovascular system, following 
recent reports (Sugihara et al., 1992; Chen et al., 2014; 
Isidori et al., 2015; Oui et al., 2015; Takano et al., 
2015; Tanaka et al., 2021).
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