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Abstract. Diabetic infected foot is the outcome of progres-
sive vascular and neurological damage caused by persistent 
chronic hyperglycemia. Due to acute hypoxia and infection, 
the tissues develop extensive necrosis and gangrene, which 
often require amputation. The decision regarding the level 
of amputation relies mainly on the personal experience of 
the surgeon who must identify the healthy tissue without 
necrosis. However, tissue cells under stress may succumb 
before clear evidence of necrosis is present. In this study, 
dying cells with DNA damage were identified in the necrotic 
lesions and surgical borders of amputations. Therefore, the 
main purpose of this study was to identify apoptosis in the 
surgical borders of amputations required to treat infected 
diabetic foot. Apoptosis was identified by terminal deoxynu-
cleotidyl transferase-mediated bio-dUTP nick-end labeling 
(TUNEL) in the superficial and deep tissues of wounds, and 
in the surgical borders of 10 consecutive adult patients with 
diabetes mellitus type 2 (DM2) who underwent amputation 
due to infected diabetic foot. The severity of the disease 
was classified by the Acute Physiological and Chronic  
Health Evaluation II (APACHE II) score on admission, and 
laboratory data were collected and bacteriological cultures 
were obtained from the lesions. The ankle/arm blood pres-
sure index was measured, the blood flow in the affected 
limb was evaluated by high-resolution ultrasonography and 
color Doppler and pulse oximetry were performed during 
surgery. A total of 5 males and 5 females, aged 45-84 years 
(58.8±14.1), were included. The APACHE II score was 2-18 
points (8±5.7). A total of 9 patients developed sepsis and 
2 succumbed. A total of 5  patients required above-ankle 
amputation, and 5 required toe disarticulation. The ankle/

arm blood pressure index ranged from 0.23-0.85 (0.51±0.23). 
Apoptotic cells were found in ulcers and abscesses, and in 
areas without necrosis. In the surgical borders of the amputa-
tions, apoptotic cells were found in skeletal muscle, blood 
vessels and peripheral nerves, particularly Schwann cells. 
Morphometric analysis revealed that the extent of apoptosis 
was 2-3 logarithms higher in the surgical borders of the 
infected diabetic foot compared to the venous ulcers, which 
were used as the reference. In conclusion, apoptosis was 
identified in regenerating tissues within diabetic foot wounds 
and in the surgical borders of amputations, where the surgeon 
considered the tissues to be undamaged. This information 
suggests that apoptosis may be present before visible signs 
of necrosis appear in the diabetic foot and may be caused by 
hypoxia, acidosis or proinflammatory cytokines. The extent 
of apoptosis in tissues proximal to necrotic areas may antici-
pate the development of diabetic foot and help the surgeon to 
make decisions regarding the need and extent of amputation.

Introduction

Diabetes mellitus type 2 (DM2) is a major global public 
health problem. Approximately 170 million individuals 
have the disease worldwide and this figure is expected to 
increase to 366 million in the next 20 years (1). DM2 is a 
complex syndrome characterized by diverse alterations in 
the metabolism of lipids, carbohydrates and proteins, which 
result in dysfunction in insulin use in peripheral tissues. The 
disease is progressive and produces irreversible vascular and 
neurological impairment. Although the diabetic complications 
have numerous various causes, the major pathways involved in 
the development and progression of vascular and neurological 
damage include the process of advanced glycation caused by 
chronic hyperglycemia, metabolic alterations and increased 
oxidative stress (2,3).

DM2 is a chronic and incapacitating disease, and is the 
main cause of polyneuropathy, chronic renal failure, and 
vision loss and blindness in adults (4,5). Feet are particu-
larly vulnerable to the chronic complications of diabetes. 
Chronic peripheral arterial occlusive disease of the lower 
limbs occurs 4 times more frequently in diabetic patients, and 
approximately two-thirds of cases of atherosclerotic gangrene 
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in males are associated with diabetes (6,7). The infected 
diabetic foot has multiple causes and is a syndrome defined 
by infection, ulceration and destruction of deep tissues of 
the foot associated with peripheral neurological and vascular 
damage (8).

Hyperglycemia is the main underlying cause of the 
neurological and endothelial vascular damage, but ischemia 
contributes to the persistence and spread of infection since 
it impedes tissue oxygenation and the flow of soluble factors 
and immune cells to the interstitial space (9). Trauma and 
wounds are the main risk factors for the development of 
diabetic infected foot (10), which may begin as small pain-
less blisters of the skin caused by the continual rubbing of 
improperly fitting shoes (11). Patients with infected diabetic 
foot often require an amputation. Between 50 and 95% 
of nontraumatic amputations of the leg occur in diabetic 
patients. Approximately 40% of these patients will require 
a second amputation in the following 5 years, with a 50% 
mortality rate in the 3 years following the second amputa-
tion (12). Patients who undergo amputation have a higher 
probability of mortality owing to diverse diseases related to 
vascular damage (13).

The complexity of the infected diabetic foot causes diffi-
culties for the clinician when deciding whether the limb could 
be preserved and the precise time and level of the amputation. 
The evaluation required to pursue a radical treatment often 
implies magnitude of initial surgical procedure and is usually 
based on clinical criteria, including the spread and systemic 
implications of the infection and the vascular condition of the 
limb. The final decision typically depends on the experience of 
the surgeon (6,9,12).

The tissues in a diabetic infected foot may exhibit apoptosis 
before changes caused by necrosis are evident. In the present 
study, we evaluated the skin, muscle, blood vessels and nerves 
in the necrotic lesions and surgical borders of amputations. The 
extension of apoptosis into tissues considered free of infection 
could be an early indicator of tissue damage, might anticipate 
the evolution of an amputation stump and could assist the 
surgeon in deciding on the need for and extent of amputation.

Materials and methods

Patients. Patients hospitalized in the General Surgery Service 
at the Infectious Diseases Hospital (Hospital de Infectología, 
Centro Médico ‘La Raza’, Instituto Mexicano del Seguro 
Social) were studied. Ten consecutive patients with DM2 and 
diabetic foot syndrome, but without multiple organ dysfunc-
tion, were included.

A clinical history was obtained, and a complete physical 
examination and presurgery laboratory tests were performed 
for each patient upon admission. The severity of the disease 
was evaluated using the Acute Physiology and Chronic Health 
Evaluation II (APACHE II) scale. The extension of infection and 
necrosis in the affected limb was determined using the Wagner 
classification of diabetic foot ulcers (14). Other laboratory 
tests included blood cell count, liver function test, gasometry, 
coagulation test and measurement of creatine phosphokinase 
and serum electrolyte levels. A total of 8 patients required 
amputation in the 48 h following admission. Information on 
the amputation level, microorganisms isolated from cultures, 

length of hospital stay and presence of complications were also 
recorded.

Evaluation of blood flow in the affected limb
Doppler ultrasound. The vascular state of the affected limb 

was evaluated by high-resolution vascular ultrasonography 
(color Doppler imaging) using a linear array of transducer 
elements of 7.5 MHz (Sonolayer Toshiba, model SSA-270A). 
The study was performed with the patient in the dorsal posi-
tion, and the flow patterns were appraised in the peripheral 
arteries near their bifurcations and proximal ends. Information 
was obtained on the arterial intima and media thickness, pres-
ence and characteristics of atheromatous plaques and blood 
flow speed.

Ankle-brachial pressure index. The reduction in arterial 
blood flow in the legs was estimated by the ankle-brachial 
pressure index, which was calculated by dividing the systolic 
arterial blood pressure in each ankle (the highest value 
between the pedal and tibial arteries was selected) by the 
highest systolic value in the two brachial arteries. The lower of 
two different measurements was recorded.

Pulse oximetry. Pulse oximetry was performed throughout 
the surgery using a pulse oximeter (Datex Ohmeda Ltd., 
Stirling, UK) placed on the first or second toe.

Tissue collection and processing. Biopsies were obtained 
from the lesions and surgical borders during the amputation 
by excising a triangular sample of approximately 0.5 cm3 
that included skin, subcutaneous soft tissue and muscle. The 
samples were fixed with 10% paraformaldehyde in 0.1 M 
phosphate‑buffered saline (PBS) (pH 7.2) and embedded in 
paraffin. Tissues were sectioned (5 µm) and placed on special 
extra adhesive slides (Menzel-Glaser GmbH). The slides were 
stained with hematoxylin and eosin (H&E) and observed 
under light microscopy (Olympus BX40).

Measurement of apoptosis. Cells in late-stage apoptosis were 
identified by terminal deoxynucleotidyl transferase-mediated 
bio-dUTP nick-end labeling (TUNEL) using a commercial 
kit (In Situ Cell Death Detection kit, POD, Roche Applied 
Science, Mannheim, Germany) according to the manufac-
turer's instructions. As positive and negative internal controls, 
samples of colon cancer and normal skin were used (data 
not shown). To assess the extent of apoptosis, 5 patients with 
varicose ulcers were included as a reference. Briefly, the slides 
containing tissue samples were incubated with the enzyme 
terminal deoxynucleotidyl transferase at 37˚C for 1 h and 
washed 3 times with 0.01 M PBS. The anti-fluorescein-POD 
conjugate was added, and the slides were incubated for 30 min 
at 37˚C. Finally, the slides were developed with diamino-
benzidine (DAB). The brown color of positive cells was 
observed with light microscopy. The intensity of staining of 
the TUNEL-positive cells was quantified in 4 different fields 
selected randomly on each slide using an image analyzer, the 
cutoff point for the positive staining was set using the software 
Image-Pro Plus® (Media Cybernetics, Inc., Silver Spring, MD, 
USA).

Statistical analysis. Arithmetic means and standard deviations 
of the clinical, laboratory and histological data were obtained 
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and analyzed using the software GraphPad Prism® ver. 4.0 
(GraphPad Software, Inc.).

Results

Description of the patients. With the aim to identify apoptosis 
of various cell types in tissue lesions and surgical borders of 
amputations, a descriptive study was performed on 10 consec-
utive patients who required amputation at different levels due 
to infected diabetic foot and who were admitted to the General 
Surgery Service. The general information of the patients is 
shown in Table I. Five males and females, respectively, were 
included. Their ages ranged from 45 to 85 years (58.8±14.1). 
A total of 5 patients had a history of smoking and 3 of alcohol 
consumption; 1 patient was obese and 3 had a history of 
hypertension. A total of 7 patients had intermittent claudica-
tion and 4 were referred due to trauma to the foot. A total of 
2 patients denied they were diabetic at the time of admission 
to the hospital, and the remainder had a 2- to 24-year history 
of DM2 (10.1±7.8 years). The foot infections had commenced 
2-60 days prior to hospitalization (21.1±17.5 days).

The initial physical examination revealed the following 
crucial findings: a total of 9 patients exhibited swelling and 
violaceous skin, 5 presented with blisters with serous‑sanguin-
eous fluid, 8 displayed necrotic areas discharging pus, 5 had 
ulcers and 4 presented with subcutaneous crepitation. The 
proportion of corporal surface affected was 3-9% (3.2±6). A 
total of 5 patients presented with extensive gangrene comprising 
the whole foot, and the remainder had localized gangrene. The 
APACHE II score was 2-18 points (8±5.7) at admission.

Findings of the laboratory tests at admission. Laboratory tests of 
infected diabetic foot patients are shown in Table II. The complete 
blood cell count revealed anemia in 7 patients, 1 of whom had 
severe anemia (hemoglobin concentration = 10.4±3.4 g/dl). A 
total of 8 patients had leukocytosis (17.2±8.2x103 cells/mm3), 
and 1 exhibited thrombocytopenia (209.5±141.3x103  cells/
mm3). Other laboratory tests revealed coagulation alterations 
(prothrombin, 69.3±22.3%; fibrinogen, 450.4±228.0 mg/dl). 
A total of 7 patients presented with altered blood electrolyte 
levels: 3 with hyponatremia and 2 with hypernatremia (serum 
sodium concentration, 138.1±8.6 mEq/l), 5 patients had hypo-
kalemia (serum potassium, 3.6±1.0 mEq/l) and all had high 
calcium levels (serum calcium, 7.3±0.6 mg/dl). All patients 
presented with serum albumin and total protein levels below the 
normal values (2.2±0.4 and 4.7±0.8 g/dl, respectively). In total, 
5 patients had serum creatinine concentration above normal 
values (3.3±3.0 mg/dl), and 5 exhibited high urea concentra-
tion (60.0±38.6 mg/dl). A total of 6 patients had hyperglycemia 
(162.4±82.7 mg/dl). Serum cholesterol concentration and liver 
function tests were normal at the time of admission (data not 
shown).

Biopsies of muscle and aponeurosis were obtained from 
the affected and normally appearing tissues surrounding the 
lesions. All cultures from these samples revealed bacterial 
infection, and Candida albicans was isolated from 1 patient.
Gram-negative bacterial infections prevailed. In 6 patients a 
single microorganism was isolated, and 2 microorganisms 
were isolated in 4 patients. A total of 14 different microor-
ganisms were isolated: Staphylococcusaureus (3 patients), 

Klebsiella pneumoniae (3 patients), Streptococcus pyogenes 
(2  patients), Escherichia coli (2  patients), Pseudomonas 
aeruginosa (2 patients), Enterobacter cloacae (1 patient) and 
Candida albicans (1 patient) (Table I).

The length of hospital stay was 7-150 days (39.4±41.9). 
The medical treatment required the use of a broad spectrum 
of antibiotics, mainly third-generation cephalosporins. A 
total of 2 patients received a single antibiotic, 7 were treated 
with 2 antibiotics and 1 patient with 4 antibiotics. A total of 5 
patients required above-ankle amputation and 5 toe disarticu-
lation. All patients required several debridement procedures. 
Almost all patients developed complications: 9 patients devel-
oped sepsis, 7 acute renal failure and 1 liver insufficiency. 
A total of 8 patients improved and 2 succumbed, giving a 
mortality rate of 20% (Table I).

A total of 8 patients were admitted with normal blood 
pressure values, 1 patient presented with hypotension and 1 
hypertension (systolic pressure 102.0±18.7, diastolic pressure 
64.5±13.8 mmHg). A total of 9 patients revealed abnormal 
blood pH, 2 of them with high and 7 with low values (7.33±0.15). 
Only 1 patient had normal oxygen pressure and the remainder 
had low values (52.5±20.7 mmHg). The ankle‑brachial pres-
sure index fluctuated between 0.23 and 0.85 (0.51±0.23) 
(Table III).

The color Doppler ultrasonography revealed severe 
occlusion in 5 patients. The femoral and popliteal arteries 
were affected in 3 patients, respectively. The tibial and pedal 
arteries were affected in 2 patients. A total of 7 patients 
displayed atheromatous plaque causing >50% occlusion and 
3 patients had plaque without stenosis. In 7 patients, the pelvic 
extremities had diminished caliber of the posterior tibial and 
dorsalis pedis arteries, 6 patients had partial obstruction of 
the popliteal artery and 1 patient had total obstruction of the 
blood flow (Table III). The determining lesion of the acute 
event was located in the arteries: 31% in the femoral artery, 
31% in the popliteal artery, 23% in the tibial artery and 15% in 
the tibial artery and dorsalis pedis artery. Oxygen saturation 
in the affected limb determined by pulse oximetry during the 
surgery was 20-75% (52.5±20.7); only 3 patients had 75% O2 
saturation (Table III).

Histopathological observations. The histopathological altera-
tions and the presence of apoptosis in diverse tissues were 
examined in the lesions and surgical borders of the amputa-
tion. Fig. 1 shows representative images of the findings in 
the lesions, which were mainly ulcers and abscesses with 
inflammatory infiltration by polymorphonuclear leukocytes 
and granulation tissue with growth of new blood vessels 
(Fig.  1A-D). The epidermal borders displayed irregular 
hyperplasia with disordered cellular migration to the necrotic 
and fibrotic tissues. Keratinocytes exhibited abnormal 
nucleus:cytoplasm ratio and nuclear atypia. The dermis exhib-
ited broad destruction caused by the inflammatory necrotic 
process. The epidermis exhibited atrophy and hyperkeratosis, 
and the dermis displayed elastotic degeneration. The connec-
tive tissue and skeletal muscle exhibited extensive areas of 
necrosis with inflammatory infiltration and irregular collagen 
deposition (Fig. 1E-H). Arteriolar vessels exhibited hyaline 
hyperplasia of the muscular layer. The small arteries displayed 
hyperplasia of the muscular layer, fibrosis, Monckeberg medial 
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calcific sclerosis and atherosclerotic plaques with a noticeable 
decrease in the size of the vascular lumen. The venules also 
exhibited fibrotic changes, and the peripheral nerves exhibited 
broad atrophy of axons and Schwann cells. Apoptotic cells 
were found in the ulcers and abscesses (Fig. 1C and D; G and 
H, respectively). TUNEL-positive cells, with characteristic 
nuclear changes, were observed in regenerating tissues; these 
cells included keratinocytes, fibroblasts, polymorphonuclear 
cells, foamy macrophages and endothelial cells. In areas 
without necrosis, some TUNEL-positive nuclear detritus was 
also observed.

Representative images of the histological findings at the 
surgical borders of the amputations. The skin displayed 
minor morphological changes, including slight hyperplasia, 
acanthosis and focal hyperpigmentation of the cells at the 
basal epidermal layer (Fig. 2). Certain keratinocytes revealed 
nuclear changes including condensation, size reduction, irreg-
ular outlines and fragmentation (Fig. 2A and B). Adipose and 
connective tissues did not exhibit significant alterations, but the 
skeletal muscle tissue displayed atrophy with similar nuclear 
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Figure 1. Representative images of lesions of infected diabetic foot tissues. 
H&E staining and TUNEL immunohistochemical staining. (A and B) H&E 
and (C and D) TUNEL-stained epidermal borders revealed irregular hyper-
plasia with disordered cellular migration to the necrotic and fibrotic tissues. 
Keratinocytes exhibited nuclear atypia and typical apoptotic changes, apop-
totic bodies show strong expression for TUNEL (arrows). (E and F) H&E and 
(G and H) TUNEL-stained abscesses with inflammatory infiltrate of poly-
morphonuclear leukocytes also with strong TUNEL-expression (arrows). 
Nuclear staining is representative of DNA fragmentation. (A,C,E and G) 
Magnification, x40 with (B,D,F and H) x100.
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changes to those observed in keratinocytes. TUNEL‑positive 
cells were observed in the dermis (Fig. 2A and B) and skeletal 
muscle (Fig. 2E-H). The blood vessels exhibited hyperplasia 
of the muscular layer with fibrosis, calcified plaques and 
partial occlusion. The endothelial cells also displayed nuclear 
changes, including condensation and fragmentation, and some 
were TUNEL positive (Fig. 2I-L). The peripheral nerves also 
exhibited fibrosis in all layers, and certain cells, including 
Schwann, exhibited nuclear condensation with irregular 
outlines and appeared to be TUNEL positive (Fig. 2M-P).

To provide a reference for quantifying the extent of the 
apoptotic process in the surgical borders of the amputations, 
the tissues in the diabetic patients were compared with vari-
cose ulcers in non-diabetic patients. Fig. 3 shows images of 
the alterations in varicose ulcers. The epidermis adjacent 
to the ulcer borders exhibited keratinocyte hyperplasia 
(Fig. 3A and B) with focal morphological changes compa
tible with apoptosis (arrow). Although the dark staining due 
to melanin may be misjudged as apoptosis, certain cells 
were clearly TUNEL positive (Fig. 3C and D). Transverse 
sections of skeletal muscle revealed adipose infiltration 
and muscular atrophy (Fig. 3E and F), but TUNEL-positive 
cells were not identified (Fig. 3G and H). The blood vessels 
(arterioles) had increased wall thickness due to hyperplasia 
of the muscular layer, fibrosis, and stromal reactive changes 
(Fig. 3I and J); however, they did not show TUNEL-positive 
cells (Fig.  3K  and  L). By contrast, venules demonstrated 
marked varicose changes such as endothelial ulceration and 
loss of the muscular layer. Peripheral nerves exhibited fibrosis, 
with fewer axons and Schwann cells (Fig. 3M and N). Similar 
to the other tissues, TUNEL-positive cells were not observed.

Computerized morphometric analysis of the TUNEL-positive 
cells in various tissues of the surgical borders of the amputa-

tion required to treat diabetic foot compared with the samples 
from varicose ulcers. The magnitude of apoptosis was more 
variable in the skin and nerves of the amputees, although 
this difference was not significant when compared between 
all tissues (skin, muscle, blood vessels and nerves) (Fig. 4). 
However, the magnitude of apoptosis was 2-3 logarithms 
higher at the surgical borders of the amputations compared to 
the edges of varicose ulcers; this difference was more notice-
able in nerves, blood vessels and muscle.

Discussion

Diabetic infected foot is one of the most severe, debilitating 
and life-threatening acute complications of DM2. Diabetic 
infected foot is caused by progressive vascular and neuro-
logical damage, immunodeficiency, impaired wound healing, 
orthopedic alterations and infection.

The diabetic infected foot is characterized by necrosis and 
gangrene resulting from ischemia and infection. The infec-
tion may spread quickly despite intensive medical care and 
often requires multiple surgical debridement and amputation. 
If untreated, the diabetic infected foot is capable of causing 
necrotizing fasciitis, a systemic inflammatory response and 
multiorgan failure. The decision about the amputation level is 
complex since the surgeon must balance the need to remove 
all necrotic tissue while maintaining the functionality of the 
stump as much as possible. Although higher level amputa-
tions are more likely to heal, it is often preferable to amputate 
as distally as possible to provide a functional stump. The 
long‑term viability of a stump depends largely on the wound-
healing ability and progression of vascular impairment.

Apoptosis may be an indicator of early tissue damage 
before the wound-healing process begins. We chose to inves-
tigate the presence of apoptosis in the tissues that a surgeon 

Table III. Vascular evaluation of patients with infected diabetic foot.

Patient	 pH	 Ankle systolic arterial	 AB index	 Color-doppler 	 O2 saturation
		  pressure (mmHg)		  ultrasonographic findings	 (%)

  1  GSF	 7.39	 60	 0.40	 PAO popliteal, TAO tibial-fibular trunk	 20.0
  2  ELB	 7.56	 45	 0.42	 PAO popliteal, TAO tibial fibular trunk	 20.0
  3  LPA	 7.25	 60	 0.44	 PAO popliteal, TAO tibial-fibular trunk	 40.0
  4  RTA	 7.33	 70	 0.64	 PAO tibial-fibular trunk	 55.0
  5  OCM	 7.38	 85	 0.77	 PAO pedia	 75.0
  6  RAF	 7.31	 30	 0.23	 PAO popliteal, TAO tibial-fibular trunk and pedia	 55.0
  7  MRR	 7.51	 110	 0.85	 Atheroma plaques without stenosis	 75.0
  8  LHT	 7.31	 45	 0.40	 PAO popliteal, TAO tibial-fibular trunk	 60.0
  9  MOJ	 7.29	 30	 0.23	 TAO popliteal, tibial-fibular trunk and pedia	 50.0
10  LRL	 7.34	 90	 0.86	 Atheroma plaques without stenosis	 75.0
Median	 7.37	 63	 0.52		  52.5
Est.	 0.10	 26	 0.24		  20.7
deviation

Vascular state of the affected limb was evaluated by high-resolution vascular ultrasonography (color Doppler imaging). Arterial blood flow in the legs was esti-
mated by the AB index, which was calculated by dividing the systolic arterial blood pressure in each ankle (the highest value between the pedal and tibial arteries 
was selected) by the highest systolic value in both brachial arteries. PAO, partial arterial obstruction; TAO, total arterial obstruction; AB index, ankle‑brachial 
pressure index.
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Figure 2. Representative images of the histological findings at the surgical borders of infected diabetic foot tissues. H&E staining and TUNEL immunohisto-
chemical staining. (A and B) H&E and (C and D) TUNEL-stained epidermal borders exhibited minor morphological changes. Keratinocytes displayed apoptotic 
changes with mild TUNEL-expression in the nucleus and cytoplasm (arrows). (E and F) H&E and (G and H) TUNEL-stained skeletal muscle with displayed 
atrophy with apoptotic changes; TUNEL-positive (arrows). (I and J) H&E and (K and L) TUNEL-stained blood vessels displayed hyperplasia of the muscular 
layer with fibrosis and partial occlusion. The endothelial cells also revealed nuclear changes, including condensation and fragmentation, some of which were 
markedly TUNEL positive. (M and N) H&E and (O and P) TUNEL-stained peripheral nerves with diabetic neuropathy also exhibited fibrosis in all layers and 
some cells, including Schwann, displayed nuclear condensation with irregular nuclear membrane, TUNEL-positive. (Magnification x40: A, C, E, G, I, K, M 
and O). (Magnification, x100: B, D, F, H, J, L and P).

Figure 3. Representative tissues of varicose ulcers in non-diabetic patients. H&E staining and TUNEL immunohistochemical staining. (A and B) H&E and 
(C and D) TUNEL-stained epidermal border ulcers with keratinocyte hyperplasia and apoptotic changes; TUNEL positive due to repair and remodeling of 
the ulcer. (E and F) H&E and (G and H) TUNEL-stained skeletal muscle with irregular atrophy without TUNEL-positive evidence. (I and J) H&E and (K 
and L) TUNEL-stained blood vessels and endothelial cells also show similar changes; however, these are TUNEL negative. (M and N) H&E and (O and P) 
TUNEL‑stained peripheral nerves with partial atrophy, TUNEL negative. (Magnification, x40: A, C, E, G, I, K, M and O). (Magnification, x100: B, D, F, H, 
J, L and P). 
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considered free of necrosis or infection at the surgical borders 
of amputations required to treat infected diabetic foot. A 
total of 10 consecutive patients admitted to the hospital for 
amputation were studied. Of these, 2 patients denied that they 
had diabetes at the time of admission, and the rest had a 2 
to 24-year history of DM2. This is a typical feature of the 
diabetic infected foot, since most cases occur in chronic poorly 
controlled patients  (15), although this condition may also 
arise as the first manifestation of diabetes (16). The infectious 
process occurred 2-60 days prior to hospitalization, and the 
hospital length of stay was 7-150 days. The medical treatment 
required the use of broad-spectrum antibiotics, mainly third-
generation cephalosporins. A number of debriding surgeries 
were performed to eliminate the necrotic tissues prior to the 
decision to amputate. Although 6 patients were admitted with 
an APACHE II score <5, only 1 progressed without complica-
tions, whereas the rest had torpid evolution with symptoms of 
sepsis and 7 developed acute renal failure. This is explained 
by the fact that the Infectious Diseases Hospital receives 
severely ill patients referred by other hospitals. However, only 
2 patients succumbed.

The 5 patients who required above-the-ankle amputa-
tion had an ankle-brachial pressure index <0.45 (0.34±0.10). 
This index provides a practical assessment of the severity of 
arterial occlusive disease, although it should be measured 
by an experienced physician and may provide incorrect 
information due to the distinctive rigid arterial walls of 
atherosclerosis (17,18). The Doppler color and ultrasonography 
confirmed that all patients had varying degrees of occlusion 
of the femoral, popliteal, tibial and pedal arteries caused by 
atheromatous plaques and stenosis. The diabetic foot lesions 
displayed typical histological alterations of DM2 comprising 
necrotic and fibrotic tissues with inflammatory infiltration, 
granulation, angiogenesis and atherosclerotic plaques, and a 
marked decrease in the vascular lumen diameter and presence 
of apoptotic cells associated with wound healing.

The key observation from this study was that apoptotic 
cells were identified at the surgical borders of the amputa-
tions. This observation shows that damage is present in the 
tissues that the surgeon considered free of infection and 
necrosis. Apoptosis at this site is not explained by the wound-
healing process since the samples were obtained during the 
surgery. Apoptotic cells were observed in the skin, skeletal 
muscle, blood vessels and peripheral nerves. As a control, 
the magnitude of the TUNEL-positive cells was compared 
with another condition and was 2-3 logarithms higher in the 
surgical samples from the DM2 patients compared to those 
from varicose ulcers obtained from the non-diabetic patients. 
The identification of apoptotic cells by TUNEL has the disad-
vantage of showing positive results in some necrotic cells, 
and pyroptosis, a form of programmed cell death associated 
with antimicrobial responses during inflammation, might 
explain the tissue damage (19-21).

Apoptosis plays a role in the tissue damage caused by 
chronic complications in DM2 (22-26). Apoptosis during 
acute complications of a chronic condition such as diabetic 
foot may be explained by at least 5 mechanisms: high glucose 
concentration (27-31), ketoacidosis, systemic inflammatory 
response (32), infection and hypoxia. The observation of apop-
totic cells in the surgical borders may not have any clinical 
implication since it may be limited after the metabolic altera-
tions and infection are controlled. However, if associated with 
hypoxia in the infected diabetic patient (IDP), the infected 
tissue could develop large zones of hypoxia, which may lead to 
gangrene. The infectious process progresses rapidly and may 
lead to necrotizing fasciitis, systemic inflammatory syndrome 
and multiorgan failure characteristic of sepsis. Necrosis is 
caused by the infection and hypoxia, and is characterized by 
the rapid loss of cellular homeostasis and the resultant edema, 
organelle disruption and early rupture of the cytoplasm 
membrane and efflux of the cellular content, which initiate 
an inflammatory response. Hypoxia could be aggravated by 
microemboli produced by atheromatous plaques.

A total of 4 patients had atheromatous plaques accom-
panied by macrophages and lymphocytes. Such plaques are 
considered vulnerable or high risk (33) due to their fragility and 
thrombogenic capacity, and they are characterized by a fibrous 
capsule, large number of macrophages and a nucleus rich in 
lipids, with an elevated content of proinflammatory factors (34). 
The infectious process in the IDP contributes to the develop-
ment of apoptosis due to the action of lipopolysaccharide or 
proinflammatory cytokines such as tumor necrosis factor (35). 
Hyperglycemia increases the cytotoxic effect of LPS and isch-
emia (36). Similarly, plaques were able to stimulate apoptotic 
phagocytes, causing thrombosis, an inflammatory response 
and vascular injury (24). In the present study, regardless of the 
extent of tissue destruction, cells of varying cellular lineage 
were associated with apoptosis in the lesions obtained from 
IDPs. These cells included keratinocytes, fibroblasts, polymor-
phonuclear leukocytes, foamy macrophages and endothelial 
cells, apoptosis was also observed in muscular vessels.

The role of reperfusion in the induction of apoptosis 
is controversial. The experimental evidence suggests that 
the majority of cell death during ischemic events is caused 
by necrosis, whereas apoptosis appears only after reperfu-
sion (37,38) in cells that are ‘compromised’ and programmed 

Figure 4. Quantification of TUNEL-positive cells in patients with infected 
diabetic foot or varicose ulcers. Computerized morphometric analysis of the 
TUNEL-positive cells in various tissues, of the surgical borders of the ampu-
tation were compared with samples from varicose ulcers. The magnitude of 
apoptosis was measured in skin, muscle, blood vessels and nerves. 
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to succumb during ischemia (39,40). A number of studies have 
reported apoptosis in smooth muscle cells, atheromas and 
restenotic lesions in humans and mice (41,42).

Apoptotic cells may appear during the process of 
regeneration in tissue and may involve endothelial, smooth 
muscular, macrophages, neutrophils and epidermal cells. 
Histopathological findings were expected since it is known 
that apoptosis plays a role in cicatrization. However, diabetic 
patients have defects in the process of cicatrization and in the 
resolution of injury due to cellular dysfunction and inadequate 
production of proteases, cytokines and growth factors. The 
activation of receptors for advanced glycation end products 
may decrease angiogenesis and increase apoptosis (43). By 
contrast, the inflammatory reaction in diabetic lesions with 
poor cicatrization appears to slow recovery by generating an 
intense proteolytic response, which is mediated by elastase 
and neutrophils, TNF and IL-1. This inflammatory reaction 
results from bacterial contamination and recurrent trauma in 
tissues; however, is not associated with pain (15,18,26,44).

The apoptosis observed in these patients may be explained 
in numerous ways: preexisting metabolic acidosis, the initial 
ischemia, an inflammatory response to the infection induced 
by the trauma of surgery or anesthetics, which could increase 
the production of reactive oxygen species in the mitochon-
dria (45,46). In all patients in this study, apoptotic cells were 
identified and associated with vascular injury. It is likely that 
hypoxia was induced by apoptosis at the same time as unstable 
atheromatous plaques provoked acute obstruction of the 
arteries. The detection of apoptosis above the necrotic lesions 
and the vascular Doppler results support the decisions made 
during surgery to treat these IDPs.
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