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Pathogenesis of human atheroma necrotic 
core: degradation of connective tissue fibers 
and possible involvement of cathepsin K
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Abstract 

Background Atheroma is a serious atherosclerotic lesion related to plaque rupture, thrombosis, and ischemic 
disease. To clarify the pathogenesis of human atheroma, particularly the formation of the liponecrotic tissue 
in the necrotic core, the distribution of connective tissue fibers, such as collagen and elastic fibers, and related sub-
stances was investigated in this study.

Methods Atherosclerotic lesions in human coronary arteries were classified into three categories: pathologic 
intimal thickening (PIT), atheroma with lipid core (ALC), and atheroma with necrotic core (ANC). PIT and ALC con-
sisted of the lipid pool and the lipid core, respectively. The necrotic core of ANC was composed of a lipid core-like 
region and liponecrotic tissue containing amorphous materials and lacking cells and connective tissue fibers. The 
distribution of collagen type I, elastin, C-terminal crosslinked telopeptide of collagen type I (CTX-I), and cathepsin K 
(CatK) was investigated through immunohistochemistry. CTX-I is a fragmented peptide consisting of the C-terminal 
region of collagen type I that is generated by CatK. The distribution of denatured and unfolded collagen chains 
was also investigated through collagen hybridizing peptide staining.

Results Collagen type I, denatured and unfolded collagen chains, and elastin were positively stained in the PIT, ALC, 
and lipid core-like region of ANC. However, they were negatively stained in the liponecrotic tissue of ANC. CTX-I 
and CatK were positively stained in all four regions, and their grade of staining appeared to show a positive relation-
ship. Both CTX-I and CatK demonstrated higher staining grades in the liponecrotic tissue. These findings suggested 
that pre-existing collagen type I was severely degraded by CatK, resulting in the production of CTX-I in the lipone-
crotic tissue, and that pre-existing elastin was also degraded in this region. CatK was mainly found in macrophage 
foam cells, many of which were localized within and around the liponecrotic tissue.

Conclusions This study suggests that the liponecrotic tissue in the necrotic core of human atheroma is formed 
by severe degradation of pre-existing connective tissue fibers and consequent collapse of tissue structure. This degra-
dation is likely caused by proteolytic enzymes, such as CatK, secreted by macrophage foam cells.

Keywords Human, Atheroma, Necrotic core, Liponecrotic tissue, Collagen type I, CTX-I, Cathepsin K, Macrophage 
foam cells

Background
 According to the World Health Organization (WHO), 
cardiovascular diseases (CVDs) are the leading cause 
of death worldwide [1]. CVDs caused approximately 
18 million deaths in 2019, with 85% of them caused by 
heart attack and stroke [1]. Often, the heart attacks are 
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caused by obstruction of coronary arteries, resulting in 
ischemic heart disease (IHD) [1]. As atherosclerosis is a 
major contributor to the obstruction, it is crucial to bet-
ter understand its pathogenesis to prevent and treat IHD. 
Currently, many research efforts are focused on the etiol-
ogy and development of atherosclerosis in humans [2–9], 
with experimental studies also being performed in animal 
models [10–13]. Animal models are very useful to clarify 
certain features of the pathology of atherosclerosis, such 
as asymptomatic lesion development and the role of ath-
erogenic proteins and cells. However, animal models are 
less helpful for investigating the complications of athero-
sclerosis, such as rupture of the plaque core and subse-
quent thrombosis [14, 15]. This limitation suggests that 
the mechanism of atherosclerosis, particularly that of 
plaque rupture, should be thoroughly investigated using 
human materials. Atherosclerosis in humans progresses 
from early lesions to pathologic intimal thickening (PIT) 
and then to advanced lesions. PIT is an intermediate 
lesion consisting of a lipid pool [2, 8, 16], and advanced 
lesions include atheromas, fibrous plaque, and calcified 
lesion [3, 4]. Atheromas carry a risk for plaque rupture, 
and other lesions are largely asymptomatic unless they 
cause severe luminal stenosis. Thus, atheromas can be 
seen as the pathological manifestations of the disease 
known as atherosclerosis. Atheromas are lesions com-
monly found in coronary arteries in adults. Previously, 
we investigated risk factors for coronary atherosclero-
sis using autopsy patients from the general population 
[17]. During the histological investigation, we found that 
about 70% of autopsied patients over 40 years of age had 
one or more atheroma lesions in major coronary arteries.

It is generally believed that the core of the atheroma 
develops through the accumulation of intracytoplasmic 
lipids and cellular debris released from dead macrophage 
foam cells. The rationale is that apoptotic and necrotic 
macrophages are present in advanced lesions [9, 18], but 
the pathogenic mechanism of human atheroma remains 
to be fully clarified. In our previous study using coro-
nary arteries of autopsy patients and imaging mass spec-
trometry analysis, the following three mechanisms were 
proposed for the pathogenesis of human atheroma [9]: 
(1) human atheroma develops mainly through the infil-
tration and deposition of plasma lipids; (2) liponecrotic 
tissue in the necrotic core of atheroma develops through 
the loss of pre-existing connective tissue fibers; (3) mac-
rophages play an important role in the loss of connective 
tissue fibers. These hypotheses were derived from four 
major observations and suggestions in the study [9]. First, 
we demonstrated that human atheromas can be classified 
into two categories: atheroma with a lipid core (ALC) and 
atheroma with a necrotic core (ANC) [9]. The necrotic 
core consisted of a lipid core-like region and liponecrotic 

tissue. Second, the study suggested that a major portion 
of the lipids was derived from the plasma in ALC and 
ANC [9]. Third, connective tissue fibers were absent in 
the liponecrotic tissue of ANC [9]. Fourth, macrophage 
foam cells accumulated around the liponecrotic tissue 
[9].

Therefore, in this study, we aimed to clarify the patho-
genesis of human atheroma, focusing, in particular, on 
the degradation and loss of connective tissue fibers, that 
is, collagen and elastic fibers, because it was hypothe-
sized that connective tissue fibers were degraded in the 
liponecrotic tissue by proteolytic enzymes. For this pur-
pose, the distribution of collagen type I, collagen type III, 
elastin, denatured and unfolded collagen chains, C-ter-
minal crosslinked telopeptide of collagen type I (CTX-I), 
and cathepsin K (CatK) was immunohistochemically and 
histologically investigated in PIT, ALC, and ANC. Col-
lagen type I, collagen type III, and elastin are the major 
components of connective tissue fibers in atherosclerotic 
lesions [19–21]. Denatured and unfolded collagen chains 
are detected using collagen hybridizing peptide (CHP) 
staining [22, 23]. CTX-I is a degradation product of col-
lagen type I [24, 25], and CatK is a potent collagenolytic 
and elastinolytic cysteine protease [26, 27]. Based on the 
staining results for these six substances, this study pro-
poses a novel mechanism for the pathogenesis of ather-
oma in humans.

Methods
Autopsy patients and classification of atherosclerotic 
lesions
The proximal segments of the left anterior descend-
ing artery (LAD) and the right coronary artery (RCA) 
obtained from 16 Japanese autopsy patients were used 
in this study. The patients included some of the patients 
used in a previous study [9]. The principal diseases of 
the patients are presented in Additional Table  1 [see 
Additional file  1]. There was no significant difference 
from the types of diseases observed in the Japanese 
population. We collected coronary artery specimens 
randomly from the autopsy patients, and no IHD was 
found in any patient. Cerebral infarction was found 
in three older patients (aged 85, 89, and 93  years old, 
respectively) and the grade of their coronary athero-
sclerosis was relatively severe, with ALC in one patient 
and ANC in two patients. A history of diabetes melli-
tus was reported in a 61-year-old patient who died of 
esophageal cancer and showed a mild grade of coronary 
atherosclerosis (PIT). Table  1 summarizes the clinical 
and laboratory data, which were not largely different 
from those in the general population. No patient was 
found to be obese, using the Japanese criteria of a body 
mass index of 25 kg/m2 or over [28]. A serum glucose 
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level of over 100 mg/dL was found in five patients. The 
coronary atherosclerosis grade in these patients was 
found to be skewed neither towards mild or severe 
lesions, with PIT in three patients, ALC in one patient, 
and ANC in one patient. No patient had serum total 
cholesterol level over 240 mg/dL.

The atherosclerotic lesions were divided into three 
groups: PIT, ALC, and ANC, as previously described 
[9]. PIT is defined as a lesion consisting of lipid pools 
with mild macrophage infiltration [2, 8, 29]. The lipid 
pools are characterized by a mild accumulation of 
extracellular lipids that is generally ill-defined [2, 8]. 
In this study, the area with extracellular lipid deposits 
was lightly stained with hematoxylin and eosin (H & E), 
elastica van Gieson (EVG), and picrosirius red (PSR) 
staining, and positively immunostained for apolipopro-
tein B (apoB). Smooth muscle cells (SMCs) and elastic 
and collagen fibers were discretely distributed in the 
lipid pool.

ALC is defined as a lesion with the accumulation of 
a large amount of extracellular lipids in the intima to 
form a well-defined lipid core [3, 9]. Varying numbers 
of non-foamy macrophages and macrophage foam cells 
were observed. SMCs and elastic and collagen fibers 
were more sparsely distributed in the lipid core than 
in the lipid pool of PIT; however, the tissue structure 
was preserved. In addition, small, calcified foci were 
observed in the lesions.

ANC is defined as a lesion with a necrotic core com-
posed of a lipid core-like region and liponecrotic tissue 
[9, 29, 30]. The infiltrations of non-foamy macrophages 
and macrophage foam cells were generally greater than 
those in PIT and ALC. The morphology of the lipid-
core-like region of ANC was similar to that of the 
lipid core of ALC. The liponecrotic tissue consisted of 

amorphous materials with abundant cholesterol clefts 
and lacked cells and connective tissue fibers. Moreover, 
calcification was observed.

Antibodies and reagents
The antibodies and reagents used in this study are listed 
in Additional Tables 2–5 [see Additional file 1].

Histologic examinations
Coronary arteries were fixed in 4% paraformaldehyde 
or 10% formalin and incised perpendicular to the long 
axis of the artery. Nineteen paraffin-embedded speci-
mens containing typical PIT, ALC, or ANC lesions were 
obtained from 16 patients. One specimen was obtained 
from either the LAD or the RCA in 13 patients and two 
specimens were obtained from both the LAD and the 
RCA in three patients. Subsequently, the specimens were 
serially incised into 3 μm-thick sections. The basic struc-
ture of the artery was observed using H & E staining. 
EVG and PSR staining was used to observe the elastic and 
collagen fibers, respectively. The polarized light images of 
PSR-stained sections showed the distribution of collagen 
fibers. The internal elastic lamina was used for detection 
of the boundary between the intima and media. Whole-
slide images of the stained sections, immunostained sec-
tions, and sections stained with CHP were created using 
a virtual slide scanner (NanoZoomer-XR, Hamamatsu 
Photonics, Hamamatsu City, Japan).

Immunohistochemistry and CHP staining
For immunohistochemistry, the sections were pretreated 
by autoclaving or Immunosaver treatment (Additional 
Table  2 [see Additional file  1]) and subsequently incu-
bated with primary antibodies overnight at 4  °C. His-
toGreen or 3,3’-diaminobenzidine tetrahydrochloride 
(DAB) was used as the substrate. Macrophages were 
identified through immunohistochemistry using an anti-
CD68 antibody. SMCs were identified using an antibody 
cocktail against actin composed of anti-α-smooth muscle 
actin antibody and anti-human muscle actin antibody. 
The distribution of apoB, fibrinogen, collagen type I, col-
lagen type III, elastin, CTX-I, and CatK was observed 
through immunohistochemistry using the respective 
antibodies. Non-immune mouse, rabbit, and goat immu-
noglobulin Gs were used as negative controls. Denatured 
and unfolded collagen chains were detected by CHP 
staining. Briefly, the biotin-conjugated CHP solution 
(20  μM) was heated at 80  °C for 5  min. After quench-
ing, the solution was applied to de-paraffinized sections 
overnight. The sections were incubated with horserad-
ish peroxidase-conjugated streptavidin, and the reaction 
products were visualized using DAB.

Table 1 Characteristics of the autopsy patients

a M male, F female
b S smoker, NS non-smoker, UNK unknown
c n number of patients
d SD standard deviation

nc mean ±  SDd range number

Age (years) 16 73.3 ± 12.9 51–93

Gender (M/F)a 16 10/6

Smoking status (S/NS/UNK)b 16 10/4/2

Body mass index (kg/m2) 15 19.8 ± 3.6 13.7–24.7

Serum glucose (mg/dL) 11 100.6 ± 35.9 55–176

Serum total cholesterol (mg/dL) 15 166.5 ± 46.8 97–239

Systolic blood pressure (mmHg) 13 125.5 ± 15.0 104–155

Diastolic blood pressure 
(mmHg)

13 76.8 ± 10.6 60–92
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Double-immunohistochemistry was performed to 
investigate the relationship between the spatial distri-
bution of macrophages and CatK. First, a section of the 
artery was immunostained with an anti-CD68 antibody 
using HistoGreen as the substrate and an image of the 
section was obtained using a virtual slide system. After 
removing the HistoGreen and anti-CD68 antibodies 
by Immunosaver treatment, the sections were immu-
nostained with anti-CatK antibody using DAB as the 
substrate, and an image of the section was obtained again 
using a virtual slide system. Then, the distribution of 
macrophages and CatK was compared between the two 
images. The same method was used to investigate the 
relationship between the spatial distribution of SMCs 
and CatK.

Assessment of immunohistochemistry and CHP staining
The grade of staining for collagen type I, collagen type 
III, CTX-I, CatK, elastin, and CHP was assessed in PIT, 
ALC, the lipid core-like region of ANC, and the lipone-
crotic tissue of ANC. The number of arterial specimens 
examined was six, six, seven, and seven, respectively. 
Grades were scored from 0 to 3 according to the inten-
sity and area of staining, with Grade 0: no staining; Grade 
1: mild staining or moderate and focal staining; Grade 2: 
moderate and diffuse staining or intense and focal stain-
ing; Grade 3: intense and diffuse staining. The data are 
presented as scatter plots with medians. Furthermore, a 
radar chart was created using the median score of each 
substance to show the differences in the distribution of 

the six substances among PIT, ALC, the lipid core-like 
region of ANC, and the liponecrotic tissue of ANC. The 
relationship between CTX-I and CatK was examined by 
comparing the grade of staining for both molecules and 
presented as a correlation chart. In this analysis, the data 
in PIT, ALC, the lipid core-like region of ANC, and the 
liponecrotic tissue of ANC were combined, with a total 
number of 26 examined arterial specimens.

Results
Morphology of PIT, ALC, and ANC
Six, six, and seven arteries were classified as PIT, ALC, 
and ANC, respectively. Figure 1 shows the representa-
tive histology of the three lesions. PIT showed a mildly 
thickened intima with lipid pools in the middle-to-
lower layers of the intima. The lipid pools showed 
as lightly stained areas with EGV and PSR staining 
and loosely arranged collagen fibers in the polarized 
image of the PSR staining (Fig.  1a–c). In addition, the 
lesion was characterized by the accumulation of apoB, 
suggesting the infiltration and deposition of plasma-
derived apoB-containing lipoproteins, such as low-
density lipoproteins (Fig. 1d). This was supported by a 
positive immunostaining for another plasma-derived 
protein, fibrinogen (Additional Fig.  1a [see Additional 
file 1]). A small number of macrophages were observed 
in the superficial layer of the intima and SMCs were 
discretely distributed in the lipid pool (Fig. 1e–f ). Simi-
lar morphological features were observed in ALC; how-
ever, the size of the lipid core was larger than that of the 

Fig. 1 Representative histology of the pathologic intimal thickening (PIT), atheroma with lipid core (ALC), and atheroma with necrotic core (ANC). 
a–f PIT. g–l ALC. m–r ANC. a, g, m Elastica van Gieson (EVG) staining. b, h, n Picrosirius red (PSR) staining. c, i, o Polarized light image of PSR-stained 
section. d, j, p Immunohistochemistry for apolipoprotein B (apoB). e, k, q Immunohistochemistry for CD68. f, l, r Immunohistochemistry for smooth 
muscle cells (SMCs). An asterisk and white arrowheads in ANC indicate a lipid core-like region and liponecrotic tissue, respectively (m–r). Black 
arrows indicate internal elastic lamina (a–r). Bars represent 500 μm (a–r)
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lipid pool in PIT (Fig. 1g-l). ApoB and fibrinogen were 
deposited in the lipid core (Fig.  1j, Additional Fig.  1b 
[see Additional file  1]), where elastic and collagen fib-
ers and SMCs were discretely distributed (Fig. 1g–i, 1l), 
and a small number of macrophages were infiltrated 
(Fig.  1k). However, the tissue structure was preserved 
and no liponecrotic tissue developed in the lesion.

ANC consisted of a lipid core-like region and lipone-
crotic tissue (Fig.  1m–r and Additional Fig.  1c [see 
Additional file  1]. The lipid core-like region exhibited 
features similar to those of the lipid core of ALC and 
the tissue architecture was preserved. The liponecrotic 
tissue showed fully different features, consisting of 
amorphous materials with no or very few elastic and 
collagen fibers (Fig. 1m–n). The polarized light images 
of the PSR-stained sections showed a characteristic 
empty hole-like appearance due to the absence of colla-
gen fibers (Fig. 1o). ApoB staining was diffusely positive 
in the ANC lesions, suggesting that the infiltration and 
deposition of apoB-containing lipoproteins occurred 
not only in the lipid core-like region but also in the 
liponecrotic tissue (Fig. 1p). The diffuse immunostain-
ing for fibrinogen in the ANC lesions supports this 
suggestion (Additional Fig.  1c [see Additional file  1]). 
A large number of macrophages were observed within 
and around the liponecrotic tissue (Fig. 1q), and SMCs 
were found to be few in the lipid core-like region and 
absent in the liponecrotic tissue (Fig. 1r).

Localization of connective tissue fibers and related 
substances
Figure 2 shows representative immunohistochemical and 
histological images demonstrating the localization of 
collagen type I, denatured and unfolded collagen chains 
detected by CHP staining, elastin, collagen type III, CTX-
I, and CatK in PIT, ALC, and ANC. All six substances 
generally demonstrated diffuse or patchy staining pat-
terns in PIT (Fig.  2a–f), ALC (Fig.  2g–l), and the lipid 
core-like region of ANC (Fig. 2m–r), although the stain-
ing intensity varied between the arteries. In contrast, the 
liponecrotic tissue of ANC (Fig. 2m–r) showed negative 
staining for collagen type I, denatured and unfolded col-
lagen chains, and elastin (Fig.  2m–o), but moderate-to-
intense staining for collagen type III, CTX-I, and CatK 
(Fig. 2p–r).

Grade of immunostaining and CHP staining
Figure 3a–d shows the staining grades of collagen type I, 
CHP staining, elastin, collagen type III, CTX-I, and CatK 
in PIT, ALC, the lipid core-like region of ANC, and the 
liponecrotic tissue of ANC. The grades for each arterial 
specimen are presented as plots in the figures. PIT, ALC, 
and the lipid core-like region of ANC generally demon-
strated similar patterns, as the grade of staining for col-
lagen type I, CHP, and elastin was relatively high, whereas 
that for CTX-I and CatK was relatively low (Fig.  3a–c). 
However, the liponecrotic tissue of ANC showed the 
opposite pattern, and all arterial specimens showed 

Fig. 2 Localization of collagen type I (Collagen I), denatured and unfolded collagen chains detected by collagen hybridizing peptide (CHP) staining, 
elastin, collagen type III (Collagen III), C-terminal crosslinked telopeptide of collagen type I (CTX-I), and cathepsin K (CatK) in the pathologic intimal 
thickening (PIT), atheroma with lipid core (ALC), and atheroma with necrotic core (ANC). a–f PIT. g–l ALC. m–r ANC. a, g, m Immunohistochemistry 
for collagen type I. b, h, n CHP staining. c, i, o Immunohistochemistry for elastin. d, j, p Immunohistochemistry for collagen type III. e, k, 
q Immunohistochemistry for CTX-I. f, l, r Immunohistochemistry for CatK. An asterisk and white arrowheads in ANC indicate a lipid core-like region 
and liponecrotic tissue, respectively (m–r). Black arrows indicate internal elastic lamina (a-r). Bars represent 500 μm (a–r)



Page 6 of 11Nakagawa and Nakashima  Translational Medicine Communications            (2024) 9:26 

Grade 0 or 1 for collagen type I, CHP staining, and elas-
tin, whereas many specimens demonstrated higher 
grades (Grades 2 and 3) for CTX-I and CatK (Fig.  3d). 
The grade of collagen type III showed a specific pattern, 
being higher in the lipid core-like region and liponecrotic 
tissue of ANC than in PIT and ALC (Fig.  3a–d). The 
radar chart using the median of each substance shows 
the differences between the liponecrotic tissue of ANC 
and the other three regions (Fig. 3e). Figure 3f shows that 
a positive relationship between the grade of CTX-I and 
CatK staining appeared to be present. In particular, both 
CTX-I and CatK showed higher grades in liponecrotic 
tissue (Fig. 3f ).

Cell species producing CatK
The double immunohistochemistry results revealed 
that CatK was moderately-to-intensely stained in mac-
rophages (Fig.  4a–b), particularly in macrophage foam 
cells (Fig.  4c–d). Although the relationship between 
CatK and SMCs was not conspicuous in the low-power 
view (Fig. 4e–f), the high-power view revealed that CatK 
was weakly immunostained in the cytoplasm of SMCs 

(Fig. 4g–h). These findings suggest that CatK is produced 
mainly by macrophages, especially macrophage foam 
cells, and mildly by SMCs.

Discussion
Characteristics of human atheroma
The pathogenesis of human atheroma remains unclear. 
A previous study involving the American Heart Associa-
tion described the core of atheroma as a lipid core and 
suggested that infiltration of plasma lipids played an 
important role in core formation [3]. Meanwhile, another 
study by Virmani et al. referred to the core of atheroma 
as a necrotic core and described it as a lesion contain-
ing lipids with abundant cholesterol crystals and cellular 
debris [16, 29, 30]. Thus, the concept of atheroma dif-
fers among researchers, and the definitions of the lipid 
and necrotic cores are ambiguous. Our study suggested 
that atheromas are divided into ALC and ANC, and the 
lipid core and the necrotic core are appropriate terms for 
expressing the characteristics of ALC and ANC, respec-
tively [9].

Fig. 3 Assessment of immunohistochemistry for collagen type I (Collagen I), elastin, collagen type III (Collagen III), C-terminal crosslinked 
telopeptide of collagen type I (CTX-I), and cathepsin K (CatK), and collagen hybridizing peptide (CHP) staining, in the pathologic intimal thickening 
(PIT), atheroma with lipid core (ALC), lipid core-like region of atheroma with necrotic core (ANC), and liponecrotic tissue of ANC. CHP staining 
detects denatured and unfolded collagen chains. a–d Staining grade for each substance in PIT (a), ALC (b), the lipid core-like region of ANC (c), 
and the liponecrotic tissue of ANC (d). Bars represent median scores (a-d). e Rader chart using the median score for each substance in PIT, ALC, lipid 
core-like region of ANC, and liponecrotic tissue of ANC. f Correlation chart between the grade of immunohistochemistry for CTX-I and CatK in PIT, 
ALC, the lipid core-like region of ANC, and the liponecrotic tissue of ANC. The numbers in parenthesis (n) indicate the number of specimens
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The origin of lipid deposition in atherosclerotic lesions 
is still under debate. Our previous study using matrix-
assisted laser desorption/ionization imaging mass spec-
trometry suggested that the lipids in the lipid pool of 
PIT, the lipid core of ALC, the lipid core-like region of 
ANC and, importantly, the liponecrotic tissue of ANC as 
well were mainly derived from the plasma [9]. This con-
cept is further supported in this study by the presence 
of plasma-derived proteins, apoB and fibrinogen, in all 
four regions. However, PSR and EVG staining revealed 
a different feature in the liponecrotic tissue compared 
to the other three regions, indicating the absence of col-
lagen and elastic fibers. One possible explanation for 
these findings is that pre-existing collagen and elastic 
fibers were degraded and lost in the liponecrotic tissue, 
whereas plasma-derived substances, including lipids, 
remained in this tissue.

Specificity of liponecrotic tissue
This study revealed specific features of liponecrotic tis-
sues, including the absence of collagen type I, denatured 
and unfolded collagen chains, and elastin and the pres-
ence of CTX-I and CatK. Collagen type I belongs to the 
fibrillar collagen group and may contribute to main-
taining the integrity of the tissue structure [19, 31]. Its 
absence in liponecrotic tissues supports the hypothesis 
that intact collagen fibers are degraded and lost, lead-
ing to the collapse of the tissue structure. Furthermore, 
the states of the denatured and unfolded collagen chains, 
CTX-I, and CatK provided important clues regard-
ing how and to what extent the collagen fibers were 
degraded. Denatured and unfolded collagen chains were 
detected by CHP, which contains a repeating glycine-pro-
line-hydroxyproline sequence that specifically binds to 
unfolded collagen chains [22]. In an animal model, partial 

Fig. 4 Double immunohistochemistry of macrophages and cathepsin K (CatK) and smooth muscle cells (SMCs) and CatK. 
a–d Low- and high-power views of immunohistochemistry for CD68 (a, c) and CatK (b, d) in the same section of the atheroma with necrotic core 
(ANC). The figures in the panels c and d are taken from the rectangle region shown in the panels a and b, respectively. e–h Low- and high-power 
views of immunohistochemistry for SMCs (e, g) and CatK (f, h) in the same section of ANC. The figures in the panels g and h are taken 
from the rectangle region in the panels e and f, respectively. White arrowheads in the panels a, b, e, and f indicate liponecrotic tissue. Black arrows 
indicate internal elastic lamina (a, b, e, f). Bars represent 500 μm (a, b, e, f) and 100 μm (c, d, g, h)
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collagen damage detected by CHP staining was shown to 
be a hallmark of the early phase of atherosclerosis [32]. 
The present study demonstrated that CHP staining was 
positive in PIT, ALC, and the lipid core-like regions of 
ANC and negative in the liponecrotic tissue of ANC. 
These findings suggested that, in humans, the partial 
damage of collagen fibers continuously occurred even in 
intermediate and advanced lesions, and that collagen was 
more severely damaged in the liponecrotic tissue.

CTX-I is a fragmented peptide consisting of C-termi-
nal region of collagen type I and generated by CatK [24, 
25]. CatK possesses potent collagenolytic and elastino-
lytic activities and cleaves collagen type I at multiple sites 
[26]. In the human body, it is predominantly secreted by 
activated osteoclasts during bone resorption, which is 
reflected by an increase in CTX-I in the serum and urine 
[33, 34]. Meanwhile, CatK is also found in various organs 
and diseased sites including atherosclerotic lesions [33, 
35, 36]. In this study, CTX-I and CatK were detected in 
intermediate and advanced lesions, with the staining 
grades appearing to correlate. In particular, these mol-
ecules were the most intensely stained in the liponecrotic 
tissue where collagen type I was absent. These findings 
suggest that type I collagen was severely degraded in 
the liponecrotic tissue of ANC by CatK, and that CTX-I 
was deposited in the region. Importantly, loss of connec-
tive tissue fibers in the liponecrotic tissue of ANC are 
closely related to plaque instability, and possibly rup-
ture. Compatible findings were reported in double CatK 
and apolipoprotein E  (CatK−/−/ApoE−/−) knockout mice 
by Lutgens et al., who demonstrated that a deficiency of 
CatK leads to a higher collagen content in atherosclerotic 
lesions and increases plaque stability [35].

Elastin was not immunostained in the liponecrotic tis-
sue. This observation was consistent with the absence of 
elastic fibers in EVG staining and supported the hypoth-
esis of connective tissue loss in the region. Collagen type 
III showed positive immunostaining in the liponecrotic 
tissue. However, no intact collagen fibers were present in 
this region because no PSR staining was observed. Col-
lagen type III is cleaved by matrix metalloproteinases 
(MMPs) at a single site [37]; therefore, the immunoreac-
tive site may have remained within the cleaved molecule.

Production of CatK by macrophages
This study suggests that CatK is mainly produced by mac-
rophages, particularly macrophage foam cells, although 
SMCs also contain this enzyme in their cytoplasm. 
However, because CatK is a lysosomal enzyme, ordi-
nary immunohistochemistry cannot distinguish between 
active CatK and its precursors, which lack proteolytic 
activity. Using a protease-activatable fluorescence sen-
sor, Jaffer et  al. revealed the preferential localization of 

enzymatically active CatK in macrophages rather than 
in SMCs [36]. As shown in our study, a high number of 
macrophage foam cells infiltrated ANC, particularly in 
and around the liponecrotic tissue [9], suggesting that 
macrophage foam cells actively participate in degrad-
ing connective tissue fibers by secreting active CatK. 
Similarly, Barascuk et  al. found that human monocytes 
cultured on a collagen type I-enriched matrix produced 
CTX-I, with a CatK inhibitor reducing CTX-I production 
[38].

Understanding how the production of CatK is stimu-
lated and how its activation is promoted is of special 
importance. Interestingly, monocyte-related and CatK-
positive osteoclast-like cells are present in atherosclerotic 
lesions and are closely associated with calcification [39]. 
These osteoclast-like cells, together with CatK-positive 
macrophages, may be involved in degrading calcified 
deposits, similarly to how genuine osteoclasts degrade 
bone tissue. However, Chinetti-Gbaguidi et  al. demon-
strated that macrophages surrounding calcium deposits 
in atherosclerotic plaques are characterized by low CatK 
expression and activity, suggesting a defective calcifica-
tion resorption ability [40]. Thus, these findings suggest 
that the production and activation of CatK in athero-
sclerotic lesions are stimulated by calcification, but CatK 
may not be effective enough to remove all the calcified 
deposits. This is an important possible explanation for 
the pathogenesis of calcified lesions in humans. How-
ever, another crucial point is the inflammatory effect of 
this enzyme on tissues other than calcium deposits. CatK 
secreted by macrophages into the extracellular space may 
concomitantly degrade connective tissue fibers and con-
sequently contribute to the formation of the liponecrotic 
tissue. Meanwhile, it is worth noting that the expression 
of CatK is induced in vitro by factors other than calcifi-
cation, such as hypoxia and vascular endothelial growth 
factor (VEGF) [41]. In fact, the atherosclerotic lesions are 
hypoxic in vivo and VEGF is localized in human lesions 
[42, 43], suggesting that these factors may also contrib-
ute to the degradation of connective tissue fibers by pro-
ducing CatK. Lutgens et  al. also reported that oxidized 
LDL uptake by bone marrow-derived macrophages was 
increased in double CatK and apolipoprotein E knock-
out mice and suggested that CatK deficiency aggravates 
foam cell formation [35]. In addition, they suggested that 
caveolins and CD36 play important roles in this uptake 
mechanism [44].

Limitations
This study has some limitations. First, the sample num-
ber was small, and as such this is a pilot study, but we 
believe that our results provide a novel concept and use-
ful indications. In this study, we used CD68 and actins to 
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identify macrophage and SMCs, respectively. However, it 
is known that phenotypically altered SMCs showing an 
immunopositive reaction for both CD68 and α-smooth 
muscle actin are present in human atherosclerotic lesions 
[45]. Thus, it is possible that these phenotypically altered 
macrophage-like SMCs secrete high levels of CatK. To 
investigate the production of CatK by these phenotypi-
cally altered cells, more detailed analysis is necessary. In 
addition, being based on immunohistochemical findings, 
we hypothesized that macrophage foam cells are a pre-
dominant source of CatK. To substantiate this hypoth-
esis, further studies are warranted to quantify the relative 
expression of CatK in human peripheral blood mononu-
clear cells and SMC cell lines upon lipid loading.

Conclusions
We have been studying the pathogenesis of human ath-
erosclerosis from the early to advanced stages [6–9]. One 
of the most important suggestions obtained from our 
former and present studies is that human atherosclero-
sis is mainly caused in two steps. The first step is based 
on quantitative changes [7–9]. The size of the lesion 
increases from the early to advanced stages, a phenome-
non accompanied by the accumulation of plasma-derived 
lipids. The second step is based on qualitative changes, 
as shown in the previous [9] and present studies. A part 
of the lipid core of atheroma is transformed into the 
liponecrotic tissue of the necrotic core through degra-
dation of connective tissue fibers and collapse of the tis-
sue structure, accompanied by macrophage infiltration. 
Importantly, this study suggests that the inflammatory 
reactions involving macrophage-secreted CatK may play 
an important role in the degradation process. Meanwhile, 
other proteolytic enzymes, such as MMPs, also appear 
to be involved in the cleavage of connective tissue fib-
ers in atherosclerotic lesions [46, 47]. Our previous study 
showed that MMP-1 and MMP-9 are localized in mac-
rophages that infiltrate around the liponecrotic tissue [9]. 
Future studies are warranted to fully elucidate the role 
of proteolytic enzymes, including CatK, in the degrada-
tion of connective tissue fibers and formation of lipone-
crotic tissue in ANC. Furthermore, biochemical studies 
are necessary to characterize the degradation products of 
collagen and elastic fibers in the liponecrotic tissue. Such 
better understanding could help develop an effective way 
to prevent progression of atherosclerosis and plaque rup-
ture in the future.
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