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Abstract 

The purpose of this study is to investigate cellular responses and histological 

changes of cartilaginous layers in human anterior cruciate ligament (ACL) tibial insertions 

after rupture compared with those in normal insertions. Sixteen tibial insertions of ruptured 

ACLs were obtained during primary ACL reconstructions. We also obtained sixteen normal 

ACL tibial insertions from cadavers. Terminal deoxynucleotidyl transferase-mediated 

deoxyuridine triphosphate-biotin nick end labeling (TUNEL) to detect apoptosis, proliferating 

cell nuclear antigen (PCNA) staining, and histological examination were performed. The 

percentage of TUNEL-positive chondrocytes in ruptured ACL insertions (30.2 ± 15.6%) was 

higher than that in normal insertions (9.6 ± 5.8%). The percentage of PCNA-positive 

chondrocytes was significantly different between ruptured ACL insertions (19.9 ± 15.0%) and 

normal insertions (12.3 ± 7.3%). The average thickness of the cartilage layer, the 

glycosaminoglycan-stained area, and the number of chondrocytes per millimeter in ruptured 

ACL insertions were smaller than those in normal insertions. The decrease in the number of 

chondrocytes owing to an imbalance between cell death and cell proliferation in the ACL 

insertions after rupture, as compared with normal insertions, may lead to histological changes 

of the cartilage layer in the insertions. An in-depth understanding of injured ACL insertion 

may help elucidate the etiology of histological changes and the function and significance of 

the existence of the cartilage layer of insertion, and may help in developing optimal treatment 

protocols for ACL injuries if apoptosis and cell proliferation are controlled. 

 

Key words:  anterior cruciate ligament - insertion - rupture - apoptosis – cell proliferation 



 3 

Introduction 

The attachment zones of ligaments and tendons to the bone are highly important 

and among the most complex of all biologic tissues. Within a short distance, soft tissues are 

transformed into hard tissues by a progression of tissue types. The tibial insertion of a normal 

anterior cruciate ligament (ACL) is classified as a direct insertion consisting of an interfacial 

ligamentous structure, an uncalcified cartilage layer, a calcified cartilage layer, and bone. The 

functions of attachment zones are not well understood. However, the insertion at the soft 

tissue / hard tissue interface is considered to be efficient in transmitting tensile force, because 

of its two cartilage layers (1, 2). Injuries to the ACL often occur at the ligament-to-bone 

insertion site. Because the ACL exhibits a poor healing potential (3), surgical intervention is 

often required. An understanding of the structural and chemical properties of the ACL-to-bone 

insertion site is necessary for the prevention and early management of ACL injury. However, 

clinically, the etiology of this lesion remains unknown.  

We reported that histological degenerative changes of the cartilage layers in 

ruptured ACL tibial insertions progress with time due to chondrocytes apoptosis in the 

insertion (4). Moreover, we reported that 2 and 4 weeks after ACL resection in rabbits, the 

average percentages of TUNEL-positive chondrocytes were significantly higher than those in 

the sham-operated group, and histological changes occurred 6 weeks after the resection (5). 

Homeostasis is achieved by balance between cell death and proliferation in tissue. Cell death 

and regulation of cell proliferation in ruptured human ACL insertions compared with those in 

normal insertions have not been reported. The purpose of this study is to investigate cellular 

responses and histological changes of cartilaginous layers in human anterior cruciate ligament 

(ACL) tibial insertions after rupture compared with those in normal insertions. 
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Materials and Methods 

Sixteen tibial insertions of an ACL remnant were obtained during primary human 

ACL reconstructions performed from January 2006 to July 2008 (16 patients; 16 knees; male, 

7; female, 9; mean age, 22.2 ± 6.7 years). The duration from injury to operation was set up to 

200 days (mean, 93.4 ± 51.8 days) similar to our previous report (4). All the subjects gave 

their written informed consent to participate in this study. The study was approved by the 

local ethics committee. The arthroscopic inspections of ligament remnants at the time of 

surgery showed that no substantial ACL remained or there was no attachment of the ACL to 

the femur, and the ACL and/or synovium was attached to the femur, but no apparent tension 

was present, as determined by probing. All specimens were obtained using an 8- to 

10-mm-core reamer (Arthrex, Fl, USA) during the drilling of the tibial bone tunnel (4). We 

also obtained sixteen normal ACL tibial insertions from cadavers (13 cadavers; 16 knees; 

male, 9; female, 4; mean age, 45.1 ± 14.9 years). The duration from death to autopsy was 

from 12 to 102 hours (mean: 43.5 ± 22.0 hours). We performed medicolegal autopsy of the 

cadavers of people who died in traffic accidents. These people did not have ACL injury and 

were healthy in life. The patients’ data (age, gender, number of days after injury, side of injury, 

and postmortem duration) are summarized in Table 1. 

All the specimens were fixed in 20% neutral buffered formalin, decalcified, and 

embedded in paraffin, then sliced sagittally into 5-µm-thick sections parallel to the surface of 

the cut. Hematoxylin and eosin (H&E) staining, safranin-O staining for the identification of 

glycosaminoglycans (GAG) in the cartilage layer, and Masson’s trichrome (MT) staining for 

the identification of collagenous fiber tissue in ACL tibial insertions were then performed. 
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Using an in situ apoptosis detection kit (ApopTag® Plus Peroxidase In-Situ Apoptosis 

Detection kit #S7101, CHEMICON® International, Inc., USA and Canada), we performed 

terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin nick end 

labeling (TUNEL) to detect DNA fragmentation, which is the biochemical hallmark of 

apoptosis (6). Following the TUNEL protocol, the specimens were incubated in an 

equilibration buffer for 10 minutes at room temperature, and then incubated with terminal 

deoxynucleotidyl transferase (TdT) for 60 minutes in a humidified chamber. An 

anti-digoxigenin antibody conjugate was then applied to the specimens at room temperature 

for another 60 minutes in a humidified chamber. Proliferating cell nuclear antigen (PCNA) 

immunostaining was performed in accordance with the method described by Suzuki et al (7).  

Deparaffinised sections were rinsed in PBS for 5 minutes. For antigen retrieval, sections were 

incubated in 0.01M Tris-0.001M EDTA buffer and heated at 95-99 ºC in water bath for 40 

minutes. They were then immersed in 3% hydrogen peroxidase (H2O2) in methanol for 15 

minutes to block endogenous peroxidase. After slides were rinsed in PBS for 5 minutes, they 

were preblocked with a solution of 10% normal rabbit serum at room temperature for 10 

minutes and incubated at room temperature for 1 hour with a monoclonal antibody to PCNA 

(PC-10, Code No. M879, DAKO, Denmark). As the negative control, normal nonimmune 

mouse serum was used as the primary antibody. 

The cut specimens were examined using a light microscope (BX-51, Olympus 

Optical Co., Ltd., Tokyo, Japan) equipped with a CCD camera system (DP50, Olympus). The 

number of chondrocytes, the number of TUNEL-positive chondrocytes, and the number of 

PCNA-positive chondrocytes of the cartilage layers (uncalcified and calcified cartilage layers) 

in the ACL insertions were determined. We then determined the percentages of 
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TUNEL-positive chondrocytes and PCNA-positive chondrocytes. Cartilage layer and 

GAG-stained areas were determined using the Mac Scope Program installed in a Macintosh 

computer (Mitani Co., Japan). We defined a cartilage layer in an ACL tibial insertion as the 

tissue with round cells between the ligament (fiber tissue was identified by H&E and MT 

stainings) and the bone (lamellar bone tissue was identified by H&E staining), and we defined 

a GAG-stained area in the insertion as the area stained red by safranin-O. Then, the areas of 

the cartilage layer and GAG-stained areas were determined. Next, the obtained values were 

divided by the width of the ACL tibial insertion of each specimen to correct the values. We 

defined the corrected values of the cartilage layer, the GAG-stained area, and number of 

chondrocytes as the average thickness of the cartilage layer, the average thickness of the 

GAG-stained area, and the number of chondrocytes per millimeter, respectively. We compared 

the percentage of TUNEL-positive chondrocytes, the percentage of PCNA-positive 

chondrocytes, the average thickness of the cartilage layer, the average thickness of the 

GAG-stained area, and the number of chondrocytes per millimeter between the ruptured ACL 

group and the normal ACL group. Our histomorphometrical analysis method was described in 

our previous report (4, 5). The data of the ruptured ACL group and the normal ACL group 

were compared using unpaired Student’s t test at a p < 0.05 significance value. 

 

Results 

The histological sections of the ruptured ACL tibial insertion 81 days after the 

injury of a 20-year-old female were examined. A thin cartilage layer was observed (Fig. 1a). 

Small GAG-stained area was observed (Fig. 1b). Ligament fibers are thin and randomly 

distributed (Fig. 1c). Many TUNEL-positive chondrocytes were observed (Fig. 1d, e) in the 
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cartilage layer of insertion. Many PCNA-positive chondrocytes were also observed in the 

cartilage layer (Figs. 1f, g). 

The histological sections of the normal ACL tibial insertion of the right knee of a 

35-year-old male were examined. Under the ligament layer, thick cartilage layers with 

numerous chondrocytes (Fig. 2a) and a thick GAG-stained area were observed (Fig. 2b). 

Thick ligament fibers with a regular linear arrangement were observed (Fig. 2c). Few 

TUNEL-positive chondrocytes were observed (Fig. 2d, e). PCNA-positive chondrocytes were 

observed in the cartilage layer (Figs. 2f, g). 

The percentage of TUNEL-positive chondrocytes in the ruptured ACL group (30.2 

± 15.6%) was significantly higher than that in the normal ACL group (9.6 ± 5.8%) (p < 

0.0001). The percentage of PCNA-positive chondrocytes was significantly different between 

the ruptured ACL group (19.9 ± 15.0%) and the normal ACL group (12.3 ± 7.3%) (p = 

0.0393). The average thickness of the cartilage layer in the ruptured ACL group (152.3 ± 

146.5μm) was smaller than that in the normal ACL group (408.5 ± 297.8μm) (p = 0.0022). 

The average thickness of the GAG-stained area in the ruptured ACL group (55.8 ± 76.7μm) 

was also smaller than that in the normal ACL group (172.8 ± 191.2μm) (p = 0.0152). The 

number of chondrocytes per millimeter in the ruptured ACL group (25.3 ± 16.4) was 

significantly smaller than that in the normal ACL group (41.2 ± 13.4) (p = 0.0027). The 

histomorphometrical data of the tissues are summarized in Table 2. 
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Discussion 

The main role of apoptosis is to maintain homeostasis (8). Apoptosis is an important 

cellular event specifically controlled by a series of complex cascades (9, 10), in which various 

stimuli mediated by signals through many pathways induce cell death. Apoptosis, or 

programmed cell death, is a normal physiological process in healthy mature tissues in which 

the percentages of apoptotic cells range from 3% to 10% (11). Previously, we reported that 

histological degenerative changes of the cartilage layer due to chondrocyte apoptosis in a 

ruptured ACL tibial insertion progress with time, particularly in the first 2 months (4). We 

also reported that 2 and 4 weeks after ACL resection in rabbits, the percentages of 

TUNEL-positive chondrocytes were significantly higher than those in the shamoperated 

group, and histological changes occurred 6 weeks after the resection (5). In our present study, 

we observed that approximately 30% of chondrocytes were apoptotic in ruptured ACL 

insertions and approximately 10% of chondrocytes in normal insertions. Osteocytes and 

chondrocytes undergo apoptosis 10–70 hr after death in humans (12). In this study, the 

chondrocyte apoptosis rate in normal insertions was similar to those in previous reports of 

calcified cartilage layer in ACL insertion of rabbits (5) and articular cartilage of mice and rats 

(11). The chondrocyte apoptosis rate in normal insertions was lower than that in the ruptured 

ACL group. We considered that the possible factor inducing apoptosis in the cartilage layer of 

ACL tibial insertions is proteinases and/or stress deprivation rather than the effect of death in 

humans. Proteoglycan degradation and matrix metalloproteinase expression in a rabbit 

articular cartilage were shown to be associated with chondrocyte apoptosis in osteoarthritis 

(13). In an ACL-deficient knee, proteinases may be expressed because of the progression of 

osteoarthritis (14). However, cyclic tensile stress and compressive strain were shown to be 
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associated with the apoptosis of fibroblasts, chondrocytes, and osteocytes (6, 15–18). The 

ACL tibial insertion after ACL rupture was considered to be a model of stress deprivation.      

PCNA expression level is an index of cell number increase and PCNA is expressed 

from the late G1 phase to the S phase of the cell cycle (19). The percentage of PCNA-positive 

chondrocytes was significantly different between the ruptured ACL insertions and the normal 

insertions. The increase in the number of PCNA-positive cells in the ruptured ACL group was 

observed compared with the normal ACL group. We considered that the large average 

number of the PCNA-positive cells may be due to the response of the cells to the presence of 

a large average number of TUNEL-positive cells and/or active inflammation in knee 

instability.  

Homeostasis is achieved by the balance between cell death and proliferation. In our 

study, because the normal ACL insertions had chondrocytes TUNELpositive (10%) and 

chondrocytes PCNA-positive (12%), 10% of chondrocytes can turnover in the cartilage layers 

of the normal ACL insertions. Both cell death and cell proliferation may participate in 

maintaining homeostasis and structures in normal ACL insertion. However, TUNEL-positive 

chondrocytes (30%) and PCNA-positive chondrocytes (20%) were observed in the cartilage 

layer in the ACL ruptured group. Therefore, an 10% decrease in the number of chondrocytes 

may occur in the cartilage layers in the ACL ruptured group. As a result, the average 

thickness of the cartilage layer and the average thickness of the GAG-stained area produced 

by the chondrocytes decreased in the ruptured group. These results suggest that the 

percentages of proliferating cells and apoptotic cells are closely related to the maintenance of 

the insertion structure in the normal group and degeneration of the insertion structure in the 

ruptured ACL group. The decrease in the number of chondrocytes from an imbalance between 
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cell death and cell proliferation in the ACL insertions after ACL rupture compared with the 

normal insertionsmay lead to histological degenerative changes of the cartilage layer in the 

insertions.  

The amount of matrix and the number of chondrocytes differ between mature and 

immature bovine (20). In this study, we used the specimens after the growth plate is closed. In 

this study the growth plates of all specimens in the two groups were closed. In other words, 

all specimens in the two groups can be considered as mature. We considered that the amounts 

of matrix and number of chondrocytes were unrelated to age after the growth plate was closed. 

Therefore, we compared these two groups, even while noting a higher age in the control 

group than in the ACL ruptured group. We observed statistically significant differences in 

cartilage layer thickness, GAG-stained area thickness, chondrocyte number, and chondrocyte 

apoptosis rate between the ruptured ACL group and the control. Therefore, the ACL insertion 

can change owing to ACL rupture rather than aging.  

An in-depth understanding of injured ACL insertion may help elucidate the etiology 

of histological changes and the function and significance of the existence of the cartilage layer 

of insertion. This knowledge may help in developing optimal treatment protocols for ACL 

injuries if apoptosis and cell proliferation are controlled.  

In the future, the interactions among chemical reactions and mechanical stimulation 

after ligament injury should be investigated. Analysis in much earlier phases after an injury is 

necessary. It is unclear whether apoptosis in ruptured ACL insertions affects the surrounding 

articular cartilage. Furthermore, changes and apoptosis in the surrounding articular cartilage 

should be investigated. 
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Figure legends 

 

Figure 1. 

Histological sections of ACL tibial insertion 81 days after injury from typical specimen. 

a) H&E staining, b) Safranin-O staining, c) MT staining, d)e) TUNEL, f)g) PCNA staining. 

A thin cartilage layer is observed (Fig. 1a). Small GAG-stained area was observed (Fig. 1b). 

Ligament fibers are thin and randomly distributed (Fig. 1c). Many TUNEL-positive 

chondrocytes (arrows) are observed in the insertion (49.5%) (Fig. 1d, e). PCNA-positive 

chondrocytes (arrows) are observed in the cartilage layer (28.5%) (Fig. 1f, g). Fig. 1e is a 

magnification of the boxed part in Fig. 1d. Fig. 1g is a magnification of the boxed part in Fig. 

1f. 

 

 

Figure 2. 

Histological sections of normal ACL tibial insertion from typical specimen.  

a) H&E staining, b) Safranin-O staining, c) MT staining, d)e) TUNEL, f)g) PCNA staining. 

Under the ligament layer, thick cartilage layers with numerous chondrocytes (Fig. 2a) and a 

thick GAG-stained area are observed (Fig. 2b). Thick ligament fibers with a regular linear 

arrangement are observed (Fig. 2c). Few TUNEL-positive chondrocytes (arrows) are 

observed (11.8%) (Fig. 2d, e). PCNA-positive chondrocytes (arrows) are observed in the 

cartilage layer (15.9%) (Fig. 2f, g). Fig. 2e is a magnification of the boxed part in Fig. 2d. Fig. 

2g is a magnification of the boxed part in Fig. 2f. 
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Table 1. Patients' data

Knee No.Patient No. Age Gender
Number of
days after

injury
Knee No.Patient No. Age Gender Side

postmortem
duration
(hours)

1 1 27 M 67 1 1 42 M R 50
2 2 20 M 71 2 2 54 M R 28
3 3 17 M 72 3 3 30 F R 28
4 4 22 F 82 4 4 61 M R 48
5 5 35 M 90 5 5 65 M R 102
6 6 19 M 97 6 6 52 M R 30
7 7 26 F 103 7 7 63 F R 12
8 8 17 M 104 8 8 26 F L 48
9 9 14 F 122 9 9 32 F R 30

10 10 19 M 128 10 10 35 M R 30
11 11 26 M 137 11 L
12 12 19 M 144 12 11 63 M R 50
13 13 25 M 179 13 12 30 M R 55
14 14 18 M 179 14 L
15 15 26 F 199 15 13 33 M R 54
16 16 16 M 206 16 L

Ave. 21.6 123.8 Ave. 42.3 43.5
S.D. 5.5 46.4 S.D. 14.3 22.0

Ruptured ACL group Normal ACL group



Table 2. The histomorphometrical data 

Ruptured ACL group Normal ACL group * p  value

TUNEL-positive chondrocytes (%) 43.6 ± 14.8 9.6 ± 5.8 p  < 0.00001

PCNA-positive chondrocytes (%) 23.1 ± 26.3 12.3 ± 7.3 p  = 0.12383

average thickness of cartilage layer (�m) 175.2 ± 142.7 408.5 ± 297.8 p  = 0.00830

average thickness of GAG-stained area (�m) 43.2 ± 66.8 172.8 ± 191.2 p  = 0.01575

number of chondrocytes per millimeter 21.5 ± 12.1 41.2 ± 13.4 p  = 0.00014

* Unpaired Student’s t test
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