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ARTICLEINFO ABSTRACT

Article history: Background: Patients with familial hypercholesterolemia are known to have an extremely high risk of
Received: 17 March, 2020 coronary artery disease owing to high levels of low-density lipoprotein-cholesterol since birth. In addition,
Accepted: 4 April, 2020 aortic stenosis among patients with familial hypercholesterolemia has also been reported besides coronary
Published: 13 April, 2020 disease. The aim of this study was to characterize the histopathological differences in excised aortic valves
Keywords: for aortic stenosis between patients with familial hypercholesterolemia and non-familial
Aortic stenosis hypercholesterolemia.

familial hypercholesterolemia Subjects and Methods: Six familial patients (3 homozygous, 3 heterozygous familial hypercholesterolemia
calcific aortic stenosis patients), and 18 non-familial hypercholesterolemia patients underwent pathological and
histology immunohistochemical examinations for aortic valves macroscopically and microscopically at aortic valve

replacement surgery for stenosis.

Results: Our study revealed that calcification of aortic valves among homozygous hypercholesterolemia
showed a much milder degree than those of non-familial patients. Moreover, the age at surgery for stenosis
in the case of homozygotes was significantly less than that of heterozygous hypercholesterolemia and non-
familial hypercholesterolemia patients. In addition, CD68-positive macrophages infiltrated the aorta side
(fibrosa) in all familial hypercholesterolemia patients. However, the macrophage accumulation in the aortic
valves of non-familial hypercholesterolemia patients was recognized in the middle layer (spongiosa) near
calcification and left ventricular side (ventricularis) of the aortic valves.

Conclusion: Lipid is one of the important factors for aortic valve fibrosis and stenosis in
hypercholesterolemia. This study suggested that the non-familial atherosclerotic aortic stenosis in the
elderly is qualitatively different from aortic valves in familial hypercholesterolemia, primarily owing
to calcification resulting from age and long-term degeneration and inflammatory responses.

© 2020 Hatsue Ishibashi-Ueda. by Science Repository.

causative genes for autosomal recessive hypercholesterolemia (ARH)
have been identified: LDL receptor (LDLR) gene mutation (FH1);
apolipoprotein B (APOB) gene mutation (FH2); and gain-of-function
(GOF) mutation of proprotein convertase subtilisin/ kexin type 9
(PCSKO9) gene (FH3) and abnormalities in the LDLR adapter protein 1

Introduction

Most familial hypercholesterolemia (FH) belongs to an autosomal
dominant disease caused by low-density lipoprotein (LDL) receptor
gene mutations. Furthermore, to date, four other types of very rare
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(LDLRAP1) gene. FH patients are known to have an extremely high risk
of coronary artery disease (CAD) owing to high LDL-cholesterol (LDL-
C) levels since birth. In addition, FH homozygotes show significantly
high levels of LDL-C and total cholesterol (TC) at 500-900 mg/dL and
600-1,000 mg/dL, respectively. In addition to a high incidence rate of
CAD, the frequency of aortic stenosis (AS) is very high.

Thickening, adhesion, and sclerosis of the valve cusp occur owing to
prolonged inflammatory response, eventually leading to calcification
and aortic valve stenosis. The causes of AS are divided into congenital
bicuspid valve, rheumatic, and age-related degeneration. In recent years,
with the increase in the aging population and the decline in rheumatic
heart diseases, the number of AS cases, particularly among the elderly,
which are caused by age-related degeneration and calcification of the
aortic valve has increased [1]. It has been reported that advanced age is
a strong risk factor for calcification in AS; in addition, hyperlipidemia,
which is also a risk factor for arteriosclerosis and inflammatory
responses (such as macrophage accumulation and oxidative stress
reaction) are considered risk factors for AS [2-5]. A long-term large
prospective cohort study in the Western countries has demonstrated that
a genetic predisposition to elevated LDL-C is associated with aortic
valve calcification and AS onset [6].

Aortic valve injury is known to occur within a relatively short period of
time in homozygous FH (Ho-FH) patients and during the middle phase
in heterozygous FH (He-FH) patients, whereas the damage occurs
gradually over the years in non-FH patients. Extensive changes in the
aortic root and aortic valve have been reported as characteristics of AS
in Ho-FH patients; nonetheless, the pathological details of the aortic
valve in patients with Ho-FH, He-FH, and age-related AS remain unclear
[7]. Understanding these characteristics may prove important to treat the
atherosclerotic lesions in the aorta and aortic valve and to control AS
progression. In this study, we aimed to characterize the tissue component
differences in AS between molecularly diagnosed Ho-HF, He-FH, and
non-FH patients by examining the histopathology and immunopathology
of their aortic valves.

Subjects and Methods
| Subjects

Three Ho-FH and three He-FH patients with DNA-based diagnosis of
FH with confirmed LDL receptor mutation and 18 non-FH patients with
high levels of plasma lipoprotein for long, who underwent aortic valve
replacement and pathological examinations at the Department of
Pathology in the National Cerebral and Cardiovascular Center between
2015 and 2019 were selected from approximately 100 cases registered at
the Biobank [8, 9]. The diagnosis of FH was made in accordance with
the “Guidelines for Diagnosis and Treatment of Familial
Hypercholesterolemia 2017” as Consensus Statement of Japan
Atherosclerosis Society [10].

11 Methods
i Echocardiographic Findings
AS evaluation was performed based on the peak velocity (PV) and aortic

valve area (AVA) measurements obtained from the preoperative
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echocardiographic findings. (EPIQ 7C, Royal Philips, Amsterdam, the
Netherlands).

ii Computed Tomography

CT of the aorta and heart were performed in some cases (Aquilion ONE,
Canon Medical Systems, Tochigi, Japan). The degree of calcification
was evaluated.

iii Pathological Findings
A Gross Pathology

The size and thickness of the aortic valves taken from the Ho-FH, He-
FH, and non-FH atherosclerotic patients were estimated by
photomacrographs just after surgery.

B Pathological Analysis by Routine Histology

The paraffin embedded-aortic valves of Ho-FH patients, He-FH patients,
and non-FH patients were stained with hematoxylin and eosin, Masson’s
Trichrome for fibrosis, and the Elastica van Gieson for elastic fiber. The
degree of calcification amounts of aortic valves was scored as 0: none,
1: mild, 2: moderate, and 3: high. The degree of inflammatory cell
infiltration was scored as 0: none, 1: mild, 2: moderate, and 3: high. The
thickness of the aortic valve was measured by the imaging software
Olympus CellSens (Tokyo, Japan).

C Immunohistochemistry

Immunohistochemical staining was performed on paraffin-embedded
sections for each aortic valve specimen using the Bond Polymer Refine
Detection Kit (Leica Biosystems, Germany) and monoclonal antibodies
against apolipoprotein E (ApoE; Gene Tex, Irvine, USA) and the
macrophage marker CD68 (Agilent Technologies, Santa Clara, CA,
USA). A complex of rabbit anti-mouse IgG antibody and peroxidase-
labeled anti-rabbit 1gG antibody was formed with the primary antibody.
The positive cells in the tissue sections showed dark brown staining
owing to the reaction of 3,3’-diaminobenzidine and hydrogen peroxide,
which was performed using an auto-staining system (Bond-1ll; Leica
Biosystems). The stained tissue specimens were microscopically
observed, and the area was calculated by Olympus CellSens.

iv Serum Lipid Levels

Plasma total cholesterol and lipoprotein levels were measured at the first
examination before treatment. An automatic analyzer (LABOSPECT
008; Hitachi High-Tech Corporation, Tokyo, Japan) employing an
enzymatic method (Sekisui Medical Co., Ltd., Tokyo, Japan) was
utilized to determine the TC levels. LDL-C levels were calculated using
the Friedewald equation (excluding TG levels of >400). The values
obtained at the first outpatient visit were used.

v Statistical Analysis

Comparisons among groups were performed using the ANOVA test and
Tukey's HSD test in continuous variable; the comparisons in categorical
variables were performed using the Fisher's exact test, and a p-value of

<0.05 was considered statistically significant.
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Table 1: Clinical Characteristics of the AS patients with Hyperlipidemia.

Age (yrs) at AVR 31410 *, ** 71411 68+11 <0.001
Female (%) 2 (66.7) 2 (66.7) 9 (50) NA
AVA (cm?) 0.940.1 0.840.2 1.0+£0.6 0.821
peak velocity (m/sec) 5.4+1.6 4.7+£1.2 4.0£1.0 0.147
Hypertension (%) 1(33.3) 3 (100) 12 (66.7) 0.304
Diabetes mellitus (%) 0 3 (100) 10 (55.6) 0.060
CAD (%) 3 (100) 3(100) 8 (44) 0.083
TC (mg/dL) pre-mediation 7344180 *, ** 266458 227+45 <0.001
TC (mg/dL) at AVR 260£28 *, ** 151+10 20025 0.016
LDL-C (mg/dL) pre-medication 546 (n=1) 186450 127435 NA
LDL-C (mg/dL) at AVR 20042 *, ** 94+19 123+22 0.016

AS: aortic stenosis; AVA: aortic valve area, TC: total cholesterol, LDL-C: low-density lipoprotein cholesterol.

*p<0.05 versus He-FH, **p<0.05 versus non-FH, based on the Tukey's HSD (honestly significant difference) test.

“TC and LDL-C pre-medication” showing the data before apheresis and medication in Ho-FH and the data in He- and non-FH at initial diagnosis before
induction of statin.

Results age at surgery of Ho-FH patients was significantly younger than those of
the other two groups of patients (Figure 1). All the Ho- and He-FH
| Age at Aortic Valve Replacement patients presented with CAD, whereas only 44% of the non-FH patients
presented with this complication. In terms of risk factors, 1 (33%) Ho-
Table 1 shows the characteristics of Ho-FH, He-FH, and non-FH patients FH patient, 3 (100%) He-FH patients, and 12 (67%) non-FH patients
who were pathologically examined just after aortic valve replacement presented with hypertension; moreover, 3 (100%) He-FH patients and
(AVR). The age at surgery was 31 + 10 years for Ho-FH patients, 71 + 10 (56%) non-FH patients had diabetes.
11 years for He-FH patients, and 68 + 11 years for non-FH patients. The
(age, years) Comparison of Age at Operation of AVR
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Figure 1: Comparison of the ages at aortic valve replacement for AS of each group of patients with homozygous familial hypercholesterolemia (Ho-FH),
heterozygous familial hypercholesterolemia (He-FH), and non-familial hypercholesterolemia (Non-FH).

AVR: Aortic valve replacement, Ho-FH: Homozygous Familial Hypercholesterolemia, He-FH: Heterozygous Familial Hypercholesterolemia, Non-FH:
non-Familial Hypercholesterolemia.
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11 Comparison of AS Lesions between FH and Non-FH Patients
i Echocardiographic Findings

Based on the preoperative echocardiographic findings, AVA was 0.9 +
0.1 cm? in Ho-FH patients, 0.8 + 0.2 cm? in He-FH patients, and 1.0 +
0.6 cm?in non-FH patients. The PV was 5.4 + 1.6 m/s in Ho-FH patients,
4.7 £ 1.2 m/s in He-FH patients, and 4.0 + 1.0 m/s in non-FH patients.
The AS was severe in the Ho- and He-FH patients and moderate to
severe in the non-FH patients (Table 1).

ii Serum Lipid Levels

At the first visit to our hospital, the TC levels induction were 734 + 180,
266 + 58, and 227 + 45 mg/dl in the Ho-FH, He-FH patients, and non-

Table 2: Histological Calcific Score (HCS) of Aortic Valves.

FH patients, respectively; likewise, the LDL-C levels were 546 + 60, 186
+ 50, and 127 + 35 mg/dl, respectively, in the three groups of patients
(Table 1). All He-FH patients took statin treatment before AVR. Serum
lipid levels became lower at operation in the Ho-FH patients, followed
by the He-FH patients and non-FH patients.

iii Comparison of Aortic Valve Calcium by Computed
Tomography (CT)

CT of one female case of Ho-FH showed aortic valvular thickening
without obvious calcification with supravalvular aortic atherosclerosis
[9]. A female He-FH case showed calcium deposition of aortic and mitral
valves and coronary arteries. CT revealed massive calcification in all
non-FH cases.

HCS

ozt

Severity of calcification. Calc area of aortic valve >40% 0

3.0 2.5+0.6 <0.001

3 (100%) 10 (56%)

HCS: Histological Calcification Score. 0; ; calc area <5%, non, 1; calc area <15%, 2; calc area 15 <40%, 3; calc area more than 40%.

*p<0.001 versus He-FH, based on the Tukey's HSD test.
**p<0.001 versus non-FH, based on the Tukey's HSD test.

,,\,,A‘:,...vg.:/ L
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Figure 2: A) Representative excised aortic valve in a 41-year-old homozygous FH female. A-1) macroscopic appearance of fibrous thickening all cusps. A-
2) Fibrous thickened cusp without calcification, EVG stain. A-3) foamy macrophage accumulation of aorta side (fibrosa) of cusp, H&E stain. A-4) QOil red
O stain showing lipid in macrophages in fibrosa. A-5) CD68 positive macrophages in fibrosa. B-1) Supravalvular atherosclerosis of Valsalva sinus. B-2)

Photomicrograph of B-2 showing atherosclerosis with calcification, Masson’s trichrome stain.

iv Comparison of Pathological Findings of Aortic Valves of Ho-
FH, He-FH, and Non-FH

The macroscopic and microscopic degree of calcification amount of
excised aortic valve (mean score) was 0.6 in the Ho-FH patients, 3.0 in

J Integr Cardiol Open Access doi: 10.31487/j.JICOA.2020.02.03

the He-FH patients, and 2.5 in the non-FH patients. The ratios of severe
calcific deposition were 0%, 100%, and 56% in the Ho-FH, He-FH, and
non-FH patients (Table 2). Yellow fibrosclerotic lesions without
macroscopic calcification were clearly seen in the aortic valve of the Ho-
FH patients (Figure 2). Histopathological and immunohistochemical
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findings showed accumulation of foamy macrophages containing lipid
in the aorta side layer, so-called fibrosa (Figures 2A-3, 2A-4 & 2A-5).
In addition, the high level of lipid deposition in the sinus of Valsalva was
observed in the Ho-FH patients (Figures 2B-1 & 2B-2). He-FH cases
showed massive deposition of ApoE around calcified nodules (Figure 3).
There were foamy macrophage and cholesterol crystal accumulation on
the aorta side (fibrosa) of aortic valves in FH patients, whereas
calcification and atherosclerosis were mainly observed in the middle
layer (spongiosa) in the non-FH patients and on the left ventricular side
(ventricularis) in almost half of non-FH patients (Figure 4).
™ 4 D 3*

Figure 3: Representative excised aortic valve in a 58-year-old
heterozygous FH male. A) macroscopic appearance of yellowish nodular
calcification from aorta side. B) Nodular calcification of Figure 3A,
H&E stain. C) foamy macrophage and cholesterol crystal accumulation
of aorta side of cusp, H&E stain. D) ApoE immunohistochemistry
showing diffuse deposit Apo E in aortic valve.

male. A) macroscopic stenosis with massive nodular calcification of
aortic valve. B) Nodular calcification, Masson’s trichrome stain. C)
Cholesterol crystal accumulation with calcification of cusp, H&E stain.
D) CD68 positive macrophage accumulation around nodular
calcification not fibrosa, immunohistochemistry for CD68 macrophages.

J Integr Cardiol Open Access doi: 10.31487/j.JICOA.2020.02.03

Discussion

Because of the presence of hyperlipidemia since a young age, patients
with FH have a higher risk of developing coronary artery disease and
aortic valve stenosis compared to atherosclerosis as lifestyle-related
iliness of the elderly that develops over time.

In this study, all Ho- and He-FH patients had CAD, whereas only 44%
of the non-FH patients presented with this complication. The age at
surgery for AS among the Ho-FH patients was remarkably younger than
those of the other groups; however, the age of the He-FH patients did not
significantly ~ differ from that of the non-FH patients.
Histopathologically, aortic valves developing AS in patients with Ho-
FH had thickened fibrosis with very mild calcification. On the other
hand, aortic valves in the cases of He-FH develop the complication
owing to effects of other arteriosclerosis risk factors, such as
hypertension and diabetes [10]. In the non-FH patients, AS develops
over a long period of time owing to the effects of elevated serum lipid
levels and other arteriosclerosis risk factors [11]. Extensive
arteriosclerosis in the sinus of Valsalva along with supravalvular AS was
observed in all the Ho-FH patients, but not in He-FH and non-FH
patients. Ho-FH patients often develop AS and supravalvular AS at high
frequencies (41%) [12, 13]. In contrast, the frequency has been reported
to be low in He-FH patients [14]. Although some cases of double
heterozygous mutations and compound heterozygous mutations, which
carry more than two types of gene mutations, present with severe
pathologies, He-FH shows mild to severe symptoms. Supravalvular AS
may be observed in some patients with severe FH. Similar findings were
observed in the current study, thereby indicating that high cumulative
cholesterol levels since birth are associated with the progression of
arteriosclerosis and aortic valve lesions in Ho-FH patients.

In terms of the correlation between serum lipid levels and aortic valve
calcific lesions, particularly in non-FH patients, some patients presented
with aortic valve calcifications despite high TC and LDL-C levels,
whereas others had extremely high aortic valve calcifications despite low
TC levels and LDL-C levels. These findings suggested that both TC and
LDL-C levels did not have any strong effects on the aortic valve
calcification. However, the Cardiovascular Health Study (CHS), which
investigated the presence or absence of aortic valve calcification and
related factors, reported that age, male sex, history of smoking, history
of hypertension, lipoprotein (a) [Lp(a)] levels, and LDL-C levels were
significant risk factors for aortic valve calcification [15, 16].
Furthermore, a genetic risk score (GRS)-based genetic increase in LDL-
C levels has been reported to be associated with calcification and AS
onset [6]. In addition, calcified lesions tend to progress when LDL-C
levels increase in patients with AS [14]. These results differ from those
of the present study; however, this could be because the target patients
were different.

The pathological analysis of the aortic valves revealed lipid deposition,
macrophage and T-cell infiltration, basement membrane destruction of
elastic fibers, fibrosis, and calcification in all patients. The calcification
amount was quite low in Ho-FH, but other histological evidence such as
valve thickening or fibrosis showed no differences in the extent of these
changes were observed among the Ho-FH, He-FH, and non-FH patients.

Immunochemical staining revealed high ApoE deposition in all patients,
with no significant differences among the three groups. Conversely,
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significant differences in CD68 positive macrophages were observed
among the three groups. Macrophages were observed on the aorta side
of aortic valve in all the Ho-FH and He-FH patients, whereas CD68 was
mostly deposited in the middle layer around atherosclerosis and
calcification and left ventricular side of the aortic valve in the non-FH
patients, which may have directly enhanced the calcification of the aortic
valve.

In patients with Ho-FH, atherosclerosis of the ascending aorta causing
supra-valvular stenosis was stronger, and both Apo B deposition as well
as foam cell accumulation were reported in the aorta and aortic valve [7].
During atherosclerosis of the aorta, monocytes enter the arterial intima
via chemotactic factors present within the area of the lesion, form
macrophages, and ingest the accumulated LDLs. In the aortic valve, the
macrophages ingest the LDLs attached to the valve.

In patients with age-related AS, shear stress can cause endothelial cell
injury in the valve, leading to lipid deposition, accumulation of
inflammatory cells such as macrophages and T-lymphocytes, and the
migration and proliferation of fibroblasts and smooth muscle cells
causing fibrosis in the valve [2, 15]. The fibroblasts in the valve
differentiate into osteoblasts and are involved in calcium deposition [17].
In addition, it has been reported that vascular smooth muscle cell
apoptosis plays an important role in calcification in the blood vessels in
patients with AS; this process is thought to be similar to the progression
of arteriosclerosis in the blood vessels [2, 3, 18, 19-21].

Furthermore, oxidized LDLs are localized and are involved in the
progression of the AS lesions, and these oxidized LDLs have been
demonstrated to promote the migration and proliferation of smooth
muscle cells and fibroblasts [19, 22]. Therefore, it is believed that
macrophage activation and the action of oxidized LDLs in AS may
promote the migration and proliferation of fibroblasts and smooth
muscle cells in the valve and can be involved in the progression of aortic
valve fibrous thickening. Moreover, it has been reported that interstitial
cells in the human aortic valve, Lp (a) increases the activity of alkaline
phosphatase, a calcification-related enzyme, and the levels of phosphate
and calcium; it also induces aortic valve apoptosis and calcification [23].
In this study, macrophage accumulation was confirmed in the aortic
valve of all the AS patients, strongly indicating that it plays an important
role in the progression of AS.

The pathological examination of the lesions of aortic valve showed that
in FH, the deposition of CD68, which is highly noted in macrophages,
was observed on the aorta side and fibrous thickening without severe
calcification. Thus, the LDLs that were attached to the aortic side that
bends during aortic valve opening may have penetrated the valve with
the macrophages in the patients with FH. Consequently, the direct
involvement of oxidized LDLs might have contributed to the progression
of aortic valve lesions. However, although CD68 deposition was
observed on the aortic side in He-FH patients, as noted in homozygous
FH patients, the age of AS onset was delayed. This delay may be related
to the concentration of LDL in the blood. Furthermore, because the
cumulative cholesterol levels since birth were higher in FH patients than
in non-FH patients, the LDLs could be strongly involved in the
progression of lesions. The degree of pathology among the He-FH
patients differs depending on the type of genetic mutation; moreover, in
some severe cases, the age of onset may be early. Conversely, in non-
FH patients, the age of AS onset was similar to that in He-FH patients,

J Integr Cardiol Open Access doi: 10.31487/j.JICOA.2020.02.03

but CD68 positive macrophages were observed in the middle layer
mostly around calcification and atherosclerosis and left ventricular side
of the aortic valve. Thus, in addition to the action of the LDLs and
macrophages, aging and other risk factors, as well as hemodynamic
stress may be strongly involved in the progression of AS over time.

One of the main limitations of this study is that the conditions of the
early lesions were unknown before aortic valve replacement because the
tissue specimens were collected at the time of operation for AS.
Limitations of the Study

The main limitation of this study is the small number of Ho-FH and He-
FH patients because of very rare diseases in the single-center study.
Statistical analysis is limited to Tukey’s HSD because of small numbers.
Most of the patients with He-FH and non-FH in this study had been
treated with statins for a long period. This may reflect the relatively
lower cholesterol levels than those of Ho-FH.

Conclusion

The direct involvement of high-level LDLs in FH was considered to be
an important factor for the development of AS owing to the fibrous
thickening, not calcification of the aortic valve and supra-valvular
atherosclerosis that develops from younger ages in patients with FH. On
the other hand, this study suggested that calcification and degeneration
of the aortic valve in age-related AS qualitatively different from FH.
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