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Abstract 
Injuries caused by ischemia in the small intestine have been widely accepted as resulting in 
necrosis. The aim of this study was to ascertain whether apoptosis of intestinal smooth muscle 
cells (ISMCs) also occurs. For this purpose rat small intestine subjected to ischemia was 
studied. Apoptosis was assessed by the TUNEL method and by the electrophoretic detection 
of DNA laddering. Necrosis was evaluated by a -smooth muscle actin monoclonal antibody 
labeling. 
ISMCs of the longitudinal layer (LL) were damaged by ischemia, whereas those of the circular 
layer (CL) were not. ISMCs showing fragmented DNA were first observed after 1.0 hour. 
Damaged cells showing both DNA laddering and actin labeling were first observed after 3 
hours. Agarose gel electrophoresis of DNA confirmed these observations by showing both 
ladder and smear patterns. Finally, the expression of Bax but not Bcl-2 and Fas in ISMCs 
increased after ischemia. 
The present study demonstrated that rat ISMCs subjected to ischemia exhibit both DNA 
laddering and actin labeling. Apoptosis appears as the initial form of cell death, followed by 
necrosis. Enhanced expression of Bax may be implicated in this activation of apoptosis. Key 
words: apoptosis, necrosis, Bax, smooth muscle cell, small intestine, rat. 

The concept of two major distinct modes of death in 
eukaryotic cells, namely, necrosis and apoptosis, has be-
come widely accepted in recent years [18, 27, 44, 45]. 
Necrotic cells show damaged organelles, ruptured plasma 
membranes, and dispersal of cytoplasmic elements into the 
extracellular space [44, 45]. On the other hand, apoptosis 
has characteristic structural changes consisting of loss of 
surface contact with neighboring cells, cell shrinkage with 
remaining intact organelles, condensation of chromatin to 
give crescent caps at the nuclear periphery, and eventual 
fragmentation of both the nucleus and cytoplasm to form 
apoptotic bodies [44, 45]. 

Recently, evidence has accumulated indicating that 
apoptosis is triggered by mild cellular injuries due to 
hyperthermia [ 1,39], hypoxia [18,45], hepatic toxins [34], 
direct acting agents including anticancer drugs [ 1,24], and 
ischemia and ischemia/reperfusion [25, 26, 40]. We pre-
viously reported that the typical human ischemic myocar-
dial injuries known as coagulation necrosis and 
contraction band necrosis feature distinct intemucleoso-
mal cleavage of DNA [15]. Furthermore, we demonstrated 
that apoptosis is a major form of intestinal epithelial cell 
death occurring after short-term ischemia or is- 
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chemia/reperfusion in the rat jejunum [14], while standard 
textbooks of pathology state that the intestinal damages 
induced by circulatory disorders result in necrosis [6, 7]. 
However, whereas the sequence of development of intes-
tinal mucosal injury after ischemia and ischemia/reperfu-
sion has been extensively studied [5, 12, 32, 33, 37, 42], 
the changes in intestinal smooth muscle cell (ISMC) injury 
have not received much attention. In vascular smooth 
muscle cells (VSMCs), the induction of apoptosis has been 
reported recently [2, 3, 10, 31, 33], but the situation with 
ISMCs has remained unclear. 

The aim of this study was to ascertain whether apoptosis 
of 1 SMCs also occurs. We therefore examined the response 
of rat ISMCs to ischemia using histological and immuno-
histochemical approaches, as well as agarose gel electro-
phoresis. 

Materials and Methods 

Induction of ischemic injury 
Six-wk-old female Wistar rats were used. Pentobarbital 

sodium solution (30-40 mg/kg) was administered into the 
intraperitoneal cavity to induce anesthesia and all proce- 

  

 



 

  

dures were performed with the animals breathing sponta-
neously. 

The rats were divided into 2 experimental groups: (1) 
sham ischemia (n = 10); and (2) ischemia (n = 35). Through 
a mid line abdominal incision, one of the branches of the 
superior mesenteric artery (SMA) was occluded for 0.5-, 
1.0-, 1.5-, 2.0-, 3.O., 4.0-, and 5.0-h with an atraumatic 
vascular clamp. In order to avoid collateral blood supply 
from right colic and jejunal arteries, we used the modified 
procedure developed by Megison et al. [14, 28] in which 
the collateral arcades from the right colic artery and the 
jejunal arteries proximal to the site of occlusion were 
ligated. Control animals underwent the same procedure 
except for the clamping of SMA. After 0.5-, 1.0-, 1.5-, 2.0-, 
3.0-, 4.0-, and 5.0-h mesenteric ischemia, or sham is-
chemia, the small intestines were harvested. 

Light and electron microscopical assessment 
Two cm segments of samples were immediately fixed in 

20% buffered formalin, processed routinely for embedding 
in paraffin and sectioned serially. Both transverse and 
longitudinal sections of each samples were stained with 
H&E for histopathological assessment. 

For electron microscopy, small pieces of small intestine 
including both longitudinal (LL) and circular layer (CL) 

were fixed in 2% paraformaldehyde and 2.5% glutaralde-
hyde in 0.05 mol phosphate buffer (PB) (pH 7.4) for 2 h. 
After rinsing three times with PB, samples were then stored 
in PB for 24 h. The tissues were then postfixed in 1% 
osmium tetroxide in Millonig's buffer (pH 7.4) for 2 h, 
dehydrated in increasing ethanol concentrations, cleared in 
QY-1 and embedded in WE812. Semithin sections (~ 1.0 
urn thick) were stained with toluidine blue. Ultrathin sec-
tions of areas of interest were cut on a ultramicrotome, and 
double stained with uranyl acetate and lead citrate before 
examination with a Hitachi H7000 electron microscope at 
75KV[14]. 

Immunohistochemical detection of DNA fragmentation 
and quantitative analysis of DMA fragmented cells 

The terminal deoxynucleotidyl-transferase-mediated d-
UTP-biotm nick end labeling (TUNEL) method was used 
to demonstrate DNA fragmentation (internucleosomal 
cleavage of DNA) and apoptotic bodies. The staining 
method applied was identical to that described in our 
previous studies [11, 14, 15]. The thymus of a 4-wk-old 
mouse, sacrificed 6 hours after sublethal irradiation with a 

Co source at 600 cGy, was used as a positive control. As 
a negative control biotin-16-dUTP was not added. Quan-
titative analysis of TUNEL positive cells was performed. 

 
Figure I. Photographs of transverse sections of smooth muscle cells after ischemic injury. (A I): Smooth muscle cells of LL 

after 2.0-h ischemia show both pyknotic nuclei and degenerated cytoplasm. (Bl): Note both thinner layer of'LL and 
severely damaged muscle cells after 4.0-h ischemia. Inset shows pyknotic and karyolytic nuclei. (A2): Some of the 
cells in LL but not CL in a semi-serial section are TUNEL positive. (B2): Similar staining pattern with TUNEL as 
shown (A2). (A. Bl) are stained with H&E and (A. 82) with the TUNEL method. Magnification, X80 andX120 (Bl 
inset). 

 



Apoptosis of intestinal smooth muscle cells 

 
Figure 2. Electron microphotographs of smooth muscle cells after sham ischemia (A) and 2.0-h (B, D) and 4.0-h ischemia 

(C, E). The smooth muscle cells in (A) are normal in appearance, while condensation ofchromatin under the nuclear 
membrane (B, longitudinal and D, transverse section) is evident in 2.0-h ischemia. However, no typical apoptotic 
features, like condensation ofchromatin to give crescent caps at the nuclear periphery, apoptotic body formation, 
and phagocytosis by neighbors are apparent. More condensed chromatin are observed after 4.0-h ischemia (C, 
longitudinal and E, transverse section). Magnifications, X4,000 (A), XI0,000 (B), X 7,000 (C), X6,000 (D), andX 
9,000 (E). 

In brief, photographs of six fields of antimesenteric regions 
of each transverse section were taken randomly at a mag-
nification of X 50 in three experimental and control rats. 
Then, photographs were enlarged three times to give a final 
magnification of XI50. Mean ± SD values for the percent-
ages of positive nuclei among the total number of nuclei 
in LL were calculated and paired t tests were performed to 
detect significant differences. 

Evaluation of necrosis using a-smooth muscle actin 
monoclonal antibody labeling 

Rats were injected i.v. with 600 jag of monoclonal anti-
body specific for a-smooth muscle actin (a-SMA) (clone 
1A4). Animals that were to be killed at 1.0-, 1.5-, 2.0-, 3.0-, 
4.0-, and 5.0-h after SMA occlusion were injected 1 hour 

before surgery. Samples were frozen in OCT compound 
and frozen sections of small intestine, 4.0 (im thickness of 
transverse section, were fixed for 4 minutes in acetone at 
room temperature (RT), rinsed in phosphate buffer saline 
(PBS), and incubated with peroxidase conjugated anti-
mouse IgG for 30 minutes at RT. Sections were then 
washed in PBS and developed in diaminobenzidine 
(DAB)-H2O2, postfixed in formalin for 5 minutes, and 
counter stained with methyl green. 

DNA electrophoretic analysis oflSMCs in agarose 
DNA extraction and electrophoresis were performed by 

the methods described by Facchinetti et al. [8,14,15] DNA 
of ISMCs of SMA occluded rats at 1.0, 2.0, 3.0, 4.0, and 
5.0 hours was examined. In brief, epithelial cells were 

  

 



 

  

scraped off with a blade to obtain the smooth muscle layer. 
Then the tissues were cut into small pieces to obtain DNA 
as described previously [14, 15]. 

Immunohistochemical localization of Fas, Bcl-2, and 
Box in ISMCs 

For assessment of the effects of ischemic injury tissue 

sections mounted on poly-L-lysine-coated slides were de-
paraffmized in xylene. After dehydration in ethanol for 5 
min, slides were heated in a microwave in 10 mmol sodium 
citrate (pH 6.0) buffer for 25 min and then incubated in 
0.3% (v/v) H2O2 in methanol for 20 min. After washing 
twice in PBS for 10 min, tissue sections were preblocked 
using an avidin/biotin blocking kit (Vector Laboratory) 
and incubated for 60 min at RT with anti-Bcl-2 (N- 19), 
Bax (P-19), and Fas (M-20) rabbit polyclonal antibodies 
(Santa Cruz Biotechnology, Inc. Santa Cruz, California 
USA) at a 1:100 dilution. After washing with PBS, the 
tissue sections were incubated for 40 min with biotinylated 
goat anti-rabbit IgG, washed and incubated for 10 min with 
peroxidase conjugated-streptavidin, developed in DAB-
H2O2 and counterstained with methyl green. 

Figure 3. Number of TUN EL positive nuclei in LL at various 
time periods of ischemia. The number of the nuclei 
in a given area ofLL decreases and those of'TUNEL 
positive cells increases. Significant decrease of total 
nucleus number after 1.5-h ischemia and increase 
of TUN EL positive nucleus number from 1.0-h to 
3.0-h ischemia are observed, respectively. However, 
TU'NEL positive nuclei decreases thereafter. *P < 
0.01 compared with the control value. 

 
Figure 4. Photographs of transverse sections of smooth muscle after 2.0-h ischemia (Al, 2) and 4.0-h ischemia (Bl, 2). (A, 

B): TUNEL positive cells in LL after 2.0-h (Al) and 4.0-h ischemia (Bl). In contrast no positive cells are appeared 
in CL (A, Bl). Some of the smooth muscle cells in LL are labeled with anti-a. SMA antibody after 4.0-h ischemia 
(B2), while those cells after 2.0-h ischemia are not (A2). (Al, Bl) are stained with the TUNEL method and with 
anti-a SMA antibody (A2, B2) immunohistochemically. Magnifications, X100 (A-C) andX 65 (D). 

 



 

  

Results 

Light and electron microscopical findings 
In areas of antimesenteric regions, which showed epi-

thelial destruction, ISMCs of LL showed pyknotic or con-
densed nuclei and degenerated cytoplasm after 1.0-h 
ischemia. After 2.0-h ischemia, more destructive changes 
were observed (Fig. 1 Al), whereas those in CL appeared 
normal. After 4.0-h ischemia, severe damage was ob-
served, with thinner LL (Fig. 1 B1). Severely affected areas 
exhibited karyolysis and karyorrhexis, considered as ne-
crotic features (Fig. 1 Bl inset), without any of the char-
acteristic morphological features indicative of apoptosis 
like shrinkage of cells, compaction and segregation of 
chromatin against the nuclear envelope, nuclear frag-
ments, and apoptotic bodies or phagocytosis by neighbors. 
However, the electron microscopic study demonstrated 
condensation of chromatin under the nuclear membrane 
after 2.0-h ischemia (Fig. 2B, D), which was not evident 
after sham ischemia (Fig. 2 A). More condensed chromatin 
was observed after 4.0-h ischemia (Fig. 2 C, E). 

Immunohistochemical detection of DNA fragmentation 
and quantitative analysis of DNA fragmented cells 

The TUNEL method demonstrated some nuclei of LL 
with positive staining after 2.0-h (Fig. 1 A2) and 4.0-h 
ischemia (Fig. 1 B2). On the other hand, neither control 
ISMCs nor those in the CL after ischemia (Fig. 1 A2, B2) 
showed any TUNEL positive nuclei. Positive reactions 
were first observed at the antimesenteric area after 1.0-h 
ischemia. The number of the nuclei in a given area of LL 
decreased significantly (P < 0.01) after 1.5-h ischemia and 
those of TUNEL positive cells increased significantly (P 
< 0.01) from 1.0-h to 3.0-h, then decreased during the 
experiments (Fig. 3) (Table 1). 

Evaluation of necrosis using a-smooth muscle actin 
monoclonal antibody labeling 

TUNEL positive cells were observed at 2.0-h ischemia 
(Fig. 4 Al), while these cells were not labeled with anti-a 
SMA antibody (Fig. 4 A2). Labeled ISMCs in LL were 
detected first after 3.0-h ischemia (Fig. 4 B2), whereas 
those of CL were not. Both apoptotic and necrotic cells in 
LL were observed thereafter (Fig. 2 Bl) (Table 1). 

DNA electrophoretic analysis of ISMCs in agarose 
DNA fragmentation in samples of small intestine ob-

tained from sham ischemia and ischemia groups was stud-
ied by agarose gel electrophoresis [8, 14]. Multiples of 
180- to 200-bp subunits were detected at 1.0- (Fig. 5A lane 
1) and 2.0-h (Fig. 5A lane 2) after SMA occlusion. In 
contrast, the diffuse pattern of DNA degradation was not 
detected both in these groups (Fig. 5 A) and control animals 
(Fig. 5B lane 1)). Conversely, nucleosomal cleavage at 

 
Figure 5. Agarose gel electrophoresis of DNA extracted from smooth muscle cells after ].0-h (A, lane 1), 2.0-h (A, lane 2), 

3.0-h (B, lane 2), 4.0-h ischemia (B, lane 3), and sham ischemia (B, lane 1). Both 1.0-h (A, lane 1) and 2.0-h (A, lane 
2) ischemia show DNA ladder. On the other hand, both 3.0-h (B, lane 2) and 4.0-h (B, lane 3) are associated with 
ladder as well as smear patterns, in contrast to the sham ischemia case where both are lacking (B, lane 1). 

 



 

 
Figure 6. Immunohistochemical detection ofBax in smooth muscle cells after 3.0-h ischemia. In the normal case, Bax was 

expressed in the Paneth cells (4-), absorptive epithelial cells, and ISMCs (A2, B2). Enhanced expression of Bax in 
LL was observed (B2), where TUNEL positive cells were obsen>ed (Bl), in contrast the expression of Bax was not 
altered (A2), where TUNEL positive cells were not observed (A I). (A I, Bl) are stained with the TUNEL method and 
with anti-Bax antibody (A2, B2) immunohistochemically. Magnification, X80. 

3.0- (Fig. 5B lane 2) and 4.0-h (Fig. 5B lane 3) after 
ischemia was associated with diffuse pattern of DNA 
damage, indicating that apoptosis and necrosis were both 
simultaneously present. 

Expression of Fas, Bcl-2, and Bax in ISMCs after is-
chemia 

In the normal case, neither Fas nor Bcl-2 was expressed 
in ISMCS, in contrast Bax was expressed in the Paneth 
cells, absorptive epithelial cells, and ISMCs (Fig.5 A2) 
[13, 20, 21, 23]. The expression of Fas and Bcl-2 was not 
altered after 3.0-h ischemia (data not shown), in contrast 
Bax was expressed intensively in LL (Fig. 5 Bl), where 
TUNEL positive cells were observed (Fig. 5 B2). 

Discussion 

It is well known that the small intestine subjected to 
ischemia alone or ischemia/reperfusion becomes injured, 
resulting in necrosis [5, 12, 32, 33, 37, 42]. The present 
study provided the first evidence that two distinct modes 
of cell death, that is apoptosis and necrosis, are involved 
in the destruction of ISMCS. Both fragmented and de-
graded DNA were confirmed by the morphological feature 
of chromatin condensation, TUNEL method, and DNA 
agarose gel electrophoresis, respectively, despite the lack 
of some of the characteristic histological features of apop-
tosis, such as condensation of chromatin to give crescent 
caps at the periphery, cytoplasmic blebbing, and apoptotic 
bodies. 

Damage to the muscular coat of the intestine was re-
ported earlier [33, 42] with pyknotic nuclei observed as 
early as 1.0-h ischemia. In this study, a decrease of smooth 

  

 



 

  

muscle cell number in LL was demonstrated after SMA 
occlusion. The fact that injury was limited to ISMCs in LL 
is in line with the dynamics of blood supply to the muscu-
lature. Namely, the SMA reaches one side in the mesen-
tery, runs into the serosa, and breaks up into large branches 
that penetrate the muscularis externa then enter the submu-
cosal layer, where they form a large plexus. The smooth 
muscle of the CL thereby is well supplied with blood, 
whereas the LL occupies a peripheral site [9]. 

Recently, Kajstura et al. reported that apoptotic and 
necrotic myocyte cell deaths are involved in the destruc-
tion of myocardium subjected to ischemia [17]. Apoptosis 
is the major initial form of myocardial damage and necrotic 
cell death mostly follows apoptosis. DNA strands breaks 
are clearly demonstrated by the TUNEL method and 
agarose gel electrophoresis. In the present study, we also 
revealed that apoptotic and necrotic cell deaths were in-
volved in the destruction of ISMCs subjected to ischemia 
in the rat and that apoptosis was also the initial form of cell 
death. However, typical morphological features of apop-
tosis were lacking in their study [17] and here. Similar 
findings were obtained in our previous study of human 
myocardial infarction cases [15]. On the other hand, apop-
tosis of vascular smooth muscle cells (VSMCS) has been 
reported in in vitro model [2, 3, 10, 31] and ischemia in rat 
brain clearly demonstrates the characteristics features of 
apoptosis [25, 26, 40]. The reason for the difficulty in 
detecting the apoptotic features in ISMCs is not clear. 
However, clumping at the nuclear membrane and in the 
center of there nuclei, as found here, has been described, 
in various cell types, as an early sign of apoptosis [19, 43]. 

Schulze-Osthoff et al. reported that enucleated cells in-
cubated with anti APO-1 antibody revealed the key mor-
phological features of apoptosis [35]. Namely, DNA 
degradation and nuclear signaling are not required for 
induction of apoptotic cell death. Furthermore, Sun et al. 
reported that endonuclease activation in apoptosis is nei-
ther necessary nor sufficient to induce chromatin conden-
sation, and that DNA fragmentation and chromatin 
condensation may be triggered through separate pathways 
during apoptosis [38]. Thus, ischemia could induce the 
DNA degradation in ISMCS, not induce any apoptotic 
features or ISMCs may lack the pathways of induction of 
apoptotic features, such as blebbing of cytoplasm and 
apoptotic bodies. 

While hypoxia is well known to produce cell necrosis, 
recent reports suggested that it may also activate apoptotic 
processes in cardiac myocytes [17], hepatocytes [16], co-
lon adenocarcinoma cells [46], T-lymphoma cells [29], 
and renal tubular cells [4, 36]. Rapid DNA fragmentation 
due to hypoxia and reoxygenation may involve expression 
of Fas [17], upregulation of c-myc, ref-1 [46] and c-fos 
genes [29], and activation of endonuclease [36]. Recently, 
Bennett reported that apoptosis in rat VSMCs is induced 
by c-myc and E1A adenovirus and blocked by expression 
of Bcl-2 [3]. Under normal conditions, the expression of 
both Bcl-2 and Bax is confined to crypt epithelial cells [13, 

20], while Fas is found in the cytoplasm of villous epi-
thelial cells except for the Paneth cells [23]. The present 
study of Fas, Bcl-2, and Bax expression in damaged 
ISMCs demonstrated that only Bax was altered in ISMCS, 
clear increase being observed. In the control ISMCs, nei-
ther Bcl-2 nor Fas was expressed. The Bcl-2 protoonco-
gene product is able to repress apoptosis and its deficiency 
is coupled with extensive cell death [22, 41]. Bcl-2 forms 
heterodimers with other members of the Bcl-2 protein 
family including Bax, which in contrast promotes apop-
tosis. If Bax homodimers predominate, cell death will 
occur; if there are only Bcl-2/Bax heterodimers, the cell 
will survive [30]. Thus, the enhanced expression of Bax in 
ISMCs may be involved in the activation of apoptosis. 

In conclusion, the present study demonstrated that rat 
ISMCs subjected to ischemia exhibit nuclear DNA frag-
mentation and cell death. Apoptosis is the initial form of 
cell death produced by occlusion of the superior mesen-
teric artery, whereas necrotic cell death follows apoptosis. 
Enhanced expression of Bax may be implicated in the 
activation of apoptosis. 

Acknowledgements 
This work was supported in part by a grant-in-aid for a 

specific research project, and by a grant for research pro-
motion from Aichi Medical University. 

Address correspondence to: 
Hiroshi Ikeda, Ph.D. and M.D., First Department of 

Pathology. Aichi Medical University, Nagakute-cho 
Aichi-gun, Aichi-ken, 480-1195, Japan, phone+81 561 62 
3311, fax +81 561 61 2350, Email hikeda@aichi-med-
u.ac.jp. 

References 
[1] Barry MA, Behnke CA, Eastman A: Activation of 

programmed cell death (apoptosis) by cisplatin, 
other anticancer drugs, toxins and hyperthermia. 
Biochem Pharmacol 1990; 40: 2353-2362. 

[2] Bennett MR, Evan GI, Schwartz SM: Apoptosis of 
human vascular smooth muscle cells derived from 
normal vessels and coronary atherosclerotic 
plaques. J Clin Invest 1995; 95: 2266-2274. 

[3] Bennett MR, Evan GI, Schwartz SM: Apoptosis of 
rat vascular smooth muscle cells is regulated by 
p53-dependent and -independent pathways. Circ 
Res 1995; 77: 266-273. 

[4] BonventreJV: Mechanisms of ischemic acute renal 
failure. Kidney Int 1993; 43: 1160-1178. 

[5] Chiu C.I. McArdle AH, Brown R, Scott HJ, Gurd 
FN: Intestinal mucosal lesion in low-flow states. 
Arch Surg \970; 101:478-483. 

[6] Cotran RS, Kumar V, Robbins S: The gastrointes-
tinal tract, in Cotran RS, Kumar V, Robbins S (eds): 
Robbins Pathologic Basis of Disease. Philadelphia, 
Saunders, 1994, pp 755-830. 

  

 



 

  

[7] Damjanov I, Linder J: Small intestine, in Damjanov 
I, Linder J (eds): Anderson's Pathology. St. Louis, 
Mosby, 1996, pp 1708-1727. 

[8] Facchinetti A, Tessarollo M, Mazzocchi R, King-
ston DC, Blasi C: An improved method for the 
detection of DNA fragmentation. J Immunol Meth-
ods \W 1; 136: 125-131. 

[9] Fawcett DW: Intestines. Bloom and Fawcett. A 
Textbook of Histology. W.B. Saunders Company, 
1986, pp 641-671. 

[ 10] Fukuo K, Hata S, Suhara S, Nakahashi T, Shinto Y, 
Tsujimoto Y, Morimoto S, Ogihara T: Nitric oxide 
induces upregulation of Fas and apoptosis in vas-
cular smooth muscle. Hypertension 1996; 27: 823-
826. 

f 11 ] Gavrieli Y, Sherman Y, Ben-Sassoon SA: Identifi-
cation of programmed cell death in situ via specific 
labeling of nuclear DNA fragmentation. J Cell Biol 
1992; 119:493-501. 

[12]     Haglund U: Gut ischemia. Gut 1994; 1: s73-76. 
[13] Hockenbery DM, Zutter M, Hickey W, Nahm M, 

Korsmeyer SLJ: BCL2 protein is topographically 
restricted in tissues characterized by apoptotic cell 
death. Proc Nat! Acad Sci USA 1991; 88: 6961-
6965. 

[14] Ikeda H, Suzuki Y, Suzuki M, Koike M, Tamura J, 
Tong J, Nomura M, Itoh G: Apoptosis is a major 
form of cell death caused by ischemia and is-
chemia/reperfusion injury to the rat intestinal epi-
thelium. Gut 1998; 42: 530-537. 

[15] Itoh G, Tamura J, Suzuki M, Suzuki Y, Ikeda H, 
Koike M, Nomura M, Tong J, Itoh K: DNA frag-
mentation of human infarcted myocardial cells 
demonstrated by the nick end labeling method and 
DNA agarose gel electrophoresis. Am J Pathol 
1995; 146: 1325-1331. 

[ 16] Kamiike W, Shimizu S, Hatanaka, N, Morimoto Y, 
Miyata M, Yoshida Y, Matsuda H: Hypoxia-reoxy-
genation causes DNA damage in hepatocytes. 
Transplantation Proc 1994; 26: 907-909. 

[17] Kajstura J, Cheng W, Krzysztof R, Claek WA, 
Sonnenblick EH, Krajewski S, Reed JC Olivetti G, 
Anversa P: Apoptotic and necrotic myocyte cell 
deaths are independent contributing variables of 
infarct size in rats. Lab Invest 1996; 74: 86-107. 

[ 18] Kerr JFR, Harmon B V: Definition and incidence of 
apoptosis: an historical perspective, in Tomei LD, 
Cope FO (eds): Apoptosis: The Molecular Basis of 
Cell Death. Cold Spring Harbor, NY, Cold Spring 
Harbor Laboratory Press, 1991, pp 5-29. 

[ 19] Kerr JFR, Searle J, Harmon BV, Bishop CJ: Apop-
tosis. (Potten CS, ed) Oxford, University Press, 
New York 1987, pp 93-128. 

[20] Kitada S, Krajewski S, Miyashita T, Krajewska M, 
Reed JC: y-Radiation induces upregulation of Bax 
protein and apoptosis in radiosensitive cells in vivo. 
Oncogene 1996; 12: 187-192. 

[21] Krajewski S, Krajewska M, Shabaik A, Miyashita 
T, Wang HG, Reed JC: Immunohistochemical de-
termination of in vivo distribution of Bax, a domi-
nant inhibitor of Bcl-2. Am J Pathol 1994; 145: 
1323-1336. 

[22] Lam M, Dubyak G, Chen L, Nunez G, Miesfeld RL, 
Distelhorst CW: Evidence that bcl- 2 represses 
apoptosis by regulating endoplasmic reticulum- as-
sociated Ca fluxes. Proc Natl Acad Sci USA 
1994:91:6569-6573. 

[23] Leithiiuser F, Gdhein J, Mechtersheimer G, Koretz 
K, Bruderlein S, Henne C, Shmidt A, Debatin KM, 
Krammer PH, Moller P: Constitutive and induced 
expression of APO-1, a new member of the nerve 
growth factor/ tumor necrosis factor receptor super-
family, in normal and neoplastic cells. Lab Invest 
1993; 69: 415-429. 

[24] Lennon SV, Martin SJ, Cotter TG: Dose-dependent 
induction of apoptosis in human tumour cell lines 
by widely diverging stimuli. Cell Prolifl99\; 24: 
203-214. 

[25] Li Y, Chopp M, Jiang N, Zhang ZG, Zaloga C: 
Induction of DNA fragmentation after 10 to 120 
minutes of focal cerebral ischemia in rats. Stroke 
1995; 26: 1252-1257. 

[26] Li Y, Sharov VCx, Jiang N, Zaloga C, Sabbah HN, 
Chopp M: Ultrastructural and light microscopic 
evidence of apoptosis after middle cerebral artery 
occlusion in the rat. Am J Pathol 1995; 146: 1045-
1051. 

[27] Majno G, Joris I: Apoptosis, oncosis, and necrosis. 
An overview of cell death. Am J Pathol 1995; 146: 
3-15. 

[28] Megison MS, Horton WJ, Chao H, Walker BP: A 
new model for intestinal ischemia in the rat.JSurg 
Res 1990; 49: 168-173. 

[29] Muschel RJ, Bernhard EJ, Garza L, McKenna WG, 
Koeh CJ: Induction of apoptosis at different oxygen 
tensions: Evidence that oxygen radicals do not me-
diate apoptotic signaling. Cancer Res 1995; 55: 
995-998. 

[30] Oltvai ZN, Milliman CL, Korsmeyer SJ: Bcl-2 
heterodimerized in vivo with a conserved homolog, 
bax, that accelerates programmed cell death. Cell 
1993; 73: 609-619. 

[31] Orlov SN, Dam T-V, Tremblay J, Hamet P: Apop-
tosis in vascular smooth muscle cells: Role of cell 
shrinkage. Biochem Biophys Res Com 1996; 221: 
708-715. 

  

 



 

  

[32] Park PO, Haglund U: Regeneration of small bowel 
mucosa after intestinal ischemia. Crit Care Med 
1992; 20: 135-139. 

[33] Park PO, Haglund U, Bulkley GB, Fait K: The 
sequence of development of intestinal tissue injury 
after strangulation ischemia and reperfusion. Sur-
gery 1990; 107: 574-580. 

[34] Reynolds ES, Kanz FM, Chieco P, Mosten MT: 
1, 1 -Dichloroethylene: an apoptotic hepatotoxin? 
Environ Health Perspect 1984; 57: 313-320. 

[35] Schulze-Osthoff K, Walczak H, Droge W, Kram-
mer PH: Cell nucleus and DNA fragmentation are 
not required for apoptosis. J Cell Biol 1994; 127: 
15-20. 

[36] Shimizu A, Yamanaka N: Apoptosis and cell 
desquamation in repair process of ischemic tubular 
necrosis. Virch Arch B Cell Pathol 1993; 64: 171-
180. 

[37] Stojadinovic A, Kiang J, Smallridge R, Galloway 
R, Shea-Donohue T: Induction of heat-shock pro-
tein 72 protects against ischemia/reperfusion in rat 
small intestine. Gastroenterology 1995; 109: 505-
515. 

[38] Sun DY, Jiang S, Zheng LM, Ojcius DM, Young 
JDE: Separate metabolic pathways leading to DNA 
fragmentation and apoptotic chromatin condensa-
tion. JExpMed 1994; 179: 559-568. 

[39] Takano YS, Harmon BV, Kerr JFR: Apoptosis 
induced by mild hyperthermia in human and mur- 

ine tumour cell lines: a study using electron micros-
copy and DNA gel electrophoresis. J Pathol 1991; 
163: 329-336. 

[40] Tominaga T, Kure S, Narisawa K, Yoshimoto T: 
Endonuclease activation following focal ischemic 
injury in the rat brain. Brain Res 1993; 608: 21-26. 

[41] Veis DJ, Sorenson CM, Shutter JR, Korsmeyer SJ: 
Bcl-2 deficient mice demonstrate fulminant lym-
phoid apoptosis, polycystic kidneys and hypopig-
mented hair. Cell 1993; 75: 229-240. 

[42] Wagner R, Gabbert H, Hohn P: Ischemia and post-
ischemia regeneration of the small intestinal mu-
cosa. Virch Arch B Cell Pathol 1979; 31: 259-276. 

[43] Walker NI, Harmon BV, Gobe, Kerr JFR: Patterns 
of cell death. Methods Achiev Exp Pathol 1988; 13: 
18-54. 

[44] Wyllie AH, Duvall E: Cell death, in McGee JO'D, 
Isaacson PG, Wright NA (eds): Oxford Textbook of 
Pathology. Oxford, Oxford University Press, 1992, 
pp 142-157. 

[45] Wyllie AH, Kerr JFR, Currie AR: Cell death: the 
significance of apoptosis. Int Rev Cytol 1980; 68: 
251-306. 

[46] Yao KS, Clayton M, O'Dwyer PJ: Apoptosis in 
human adenocarcinoma HT29 cells induced by ex-
posure to hypoxia. J Natl Cancer Inst 1995; 87: 
117-122. 

  

 


