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Introduction

T issue ischemia and subsequent necrosis continues to be one 
of the major challenges in plastic surgery. Impaired perfu-
sion in ischemic tissues may lead to delayed or imperfect 

healing in various wound models such as diabetic feet, bed sores, 
VNLQ�ÀDSV�DQG�RWKHU�SDWKRORJLF�FRQGLWLRQV��5HFHQW�DGYDQFHV�LQ�YDV-
cular biology have suggested that angiogenesis is a primary target 
for therapeutic interventions to prevent necrosis in ischemic 
wounds.1�6WXGLHV�XVLQJ�YDULRXV�DQJLRJHQLF�IDFWRUV�VXFK�DV�¿EUR-
blast growth factor (FGF)2–6 and erythropoietin (EPO)7–11 have 
VKRZQ�WKDW�WKHVH�IDFWRUV�FDQ�LPSURYH�WLVVXH�VXUYLYDO�LQ�VNLQ�ÀDSV�
via new blood vessel formation; however, the results of these stud-
ies have been equivocal depending on the drug doses used or tim-
ing of their administration; therefore, there is no universal agree-
ment on the optimal dose, interval, and number of drug administra-
tions. On the other hand, there are no studies directly comparing 
the effects of angiogenic factors in preventing ischemic necrosis in 
VNLQ�ÀDSV�RU�RWKHU�DUHDV�ZLWKLQ�WKH�ERG\��7KH�FXUUHQW�H[SHULPHQW�

FRPSDUHV� WKH�SRWHQF\�RI�EDVLF�¿EUREODVW�JURZWK� IDFWRU� �E)*)���
DOVR�NQRZQ�DV�)*)����DQG�(32�LQ�VNLQ�ÀDS�VXUYLYDO��

Materials and Methods

The experiment was performed following Institutional Board ap-
SURYDO�DQG�LQ�DFFRUGDQFH�ZLWK�WKH�µ*XLGH�IRU�WKH�&DUH�DQG�8VH�RI�
Laboratory Animals’ (NIH publication No. 85-23, revised 1996). 
Thirty Sprague-Dawley male rats (weighing 250-300 g) were in-
cluded in the study.  The animals were housed in separate clean 
cages at a constant temperature of 20-24°C under 12 h light/12 h 
dark cycles with chow pellets and tap water available ad libitum. 
The specimens were observed daily until the end of the study.

After anesthetizing the rats with intraperitoneal injections of ket-
amine hydrochloride (70 mg/kg) and xylazine (7 mg/kg), the skin 
was properly shaved by electric clippers. During surgery, animals 
were kept on warming blankets and strict aseptic measures ob-
served. Full-thickness rectangular skin incisions (two, 8 cm para-
sagittal incisions and one, 2 cm cephalad horizontal incision) were 
made on the dorsum of each animal (Figure 1), then immediately 
sewed back with interrupted 4-0 nylon sutures (day 0). Three days 
later, the animals underwent a second surgery and the subdermal 
WLVVXHV�RI�WKH�GHVLJQDWHG�ÀDS�DUHDV�ZHUH�XQGHUPLQHG��WKXV�FUHDW-
LQJ�����FDXGDOO\�EDVHG�UDQGRP�SDWWHUQ�VNLQ�ÀDSV�WKDW�LQFOXGHG�WKH�
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entire thickness of the skin and skin muscle (panniculus carnosus). 
'LPHQVLRQV�RI�WKH�ÀDSV�ZHUH���î���FP�ZLWK�WKHLU�EDVHV�ORFDWHG�DW�
the level of the iliac crests.

The animals were randomly assigned into three groups of ten 
samples as follows: group 1 (control) received 0.9% NaCl solution; 
group 2 (EPO) was administered 100 U/kg/day of recombinant 
human erythropoietin (Janssen-Cilag, Switzerland); and group 3 
�)*)����UHFHLYHG�����μJ�GD\�RI�EDVLF�¿EUREODVW�JURZWK�IDFWRU��3H-
protech, USA). All substances were administered by subcutaneous 
LQMHFWLRQV����PO��DW�WKH�GLVWDO�KDOYHV�RI�WKH�GHVLJQDWHG�ÀDS�DUHDV��
once daily, for three consecutive days following the initial surgery. 

On day 10, the animals were euthanized by lethal inhalation of 
FKORURIRUP��7KH�VNLQ�DW�WKH�VLWH�RI�WKH�ÀDSV�ZDV�H[FLVHG��DQG�VLPXO-
WDQHRXVO\��D�SKRWRJUDSK�RI�HDFK�ÀDS�ZDV�WDNHQ��)ODS�QHFURVLV�ZDV�
judged on the basis of skin blackening and induration at the cepha-
lad area. The border between necrotic and discolored but still vi-
able (ischemic) areas was determined by a low power microscope. 
The areas of tissue necrosis (SN) and ischemia (SI) were calculated 
by ImageJ version 1.34 software (NIH, USA) and expressed as 
UHODWLYH�SHUFHQWDJHV�WR�WKH�WRWDO�ÀDS�DUHD��
7ZR�VNLQ�VWULSV������î�����FP�LQ�VL]H�WKDW�FRQWDLQHG�WKH�ZRXQG�

margins were sampled from each specimen at distances of 2 cm 
DQG���FP�IURP�WKH�GLVWDO�SRUWLRQ�RI�WKH�ÀDS��7KH�VNLQ�VDPSOHV�ZHUH�
¿[HG�LQ�����IRUPDOLQ��HPEHGGHG�LQ�SDUDI¿Q��DQG���μP�VDJLWWDO�
sections were obtained for hematoxylin and eosin staining. All 
slides were histologically examined under high power (400x) light 
microscopy by two experts blinded to the study. The number of 
EORRG�YHVVHO�VHFWLRQV�ZDV�PHDVXUHG�LQ�����PLFURVFRSLF�¿HOGV��)L-
broblast and endothelial cell proliferation was also evaluated using 
a four-scale scoring system. 

Data were analyzed by ANOVA one-way test using the SPSS ver. 
14.0 statistical software (SPSS Inc., USA). Bonferroni post hoc 
test was performed for multiple comparisons when appropriate. 
Data have been presented as mean ± SD. P values less than 0.05 
DUH�VWDWLVWLFDOO\�VLJQL¿FDQW��

Results

$IWHU� UDLVLQJ� WKH�ÀDSV�RQ�GD\���� WKH�GLVWDO�SRUWLRQ�RI� WKH�ÀDSV�
invariably underwent cyanotic discoloration in all animals (Figure 
2). The area of discoloration consisted of a zone of apparent clini-
cal necrosis (SN), as well as a zone of ischemic but still viable tissue 
(SI), as judged by the skin color, skin stiffness and microscopic 
examination. 

According to planimetric examination on day 10, the percents of 
ischemic plus necrotic areas (SN + SI) were approximately the same 
among the study groups, as follows: control (45.61% ± 7.47%), 
EPO (46.95 % ± 5.35%) and FGF-2 (40.03% ± 5.21%). There 
were no meaningful differences between the groups (P = 0.06); 
however, the amount of necrosis in the control group (41.07% ± 
�������ZDV�VLJQL¿FDQWO\�KLJKHU� WKDQ�WKRVH� LQ� WKH�(32���������
± 1.56%) and FGF-2 (7.67% ± 1.79%) groups (P < 0.001). The 
difference between the EPO and FGF-2 groups was also statisti-
FDOO\�VLJQL¿FDQW��P < 0.001). The relative area of ischemic but ap-
parently still viable zone in the control group (4.54 %± 3.08%) 
ZDV�VLJQL¿FDQWO\�ORZHU�WKDQ�WKRVH�LQ�WKH�(32������������������
and FGF-2 (32.36% ± 4.34%) groups (P < 0.001). The difference 
between the EPO and FGF-2 groups was also meaningful (P = 
0.024). The ratio of the necrotic zone to total discolored area was 
90.20% ± 6.29% in the control group, 42.45% ± 3.90% in the EPO 
group, and 19.13% ± 3.42% in the FGF-2 group (P < 0.001 for 
comparison between all groups). 

On microscopic examination (Figure 3), the injured epidermis 
was visible in the control group specimens. Diffuse accumulation 
RI�LQÀDPPDWRU\�FHOOV�DQG�ZLGHVSUHDG�JUDQXODWLRQ�WLVVXH�ZDV�DOVR�
noted. There were variable degrees of epidermal healing in the 
(32�DQG�)*)���JURXSV��7KH�DPRXQW�RI� LQÀDPPDWRU\�FHOOV�DQG�
granulation tissue in these two groups was strikingly lower. There 
ZDV�RUJDQL]HG�¿EURXV�WLVVXH�ZKLFK�RFFXSLHG�PRVW�RI�WKH�GHUPLV��
especially in the FGF-2 group. The number of endothelial cells 
was also much higher in the latter two groups (data not shown). 
A slightly higher number of vessel sections were counted under 
high power microscope (400x) in the FGF-2 group specimens. 
However, the differences among the groups were not statistically 
VLJQL¿FDQW����������������IRU�WKH�FRQWURO�JURXS����������������IRU�
the EPO group, and 51.74 ± 5.47 for the FGF-2 group; P = 0.56).

Discussion

$IWHU�LQWURGXFWLRQ�RI�WKH�DQLPDO�PRGHO�IRU�UDQGRP�VNLQ�ÀDSV�E\�
McFarlane in 1965,12 many substances and growth factors with an-
giogenic potential have been examined with the intent to improve 
wound healing and prevent necrosis in the distal ischemic portion 
RI�WKH�ÀDS�13–18 FGF-2 2–6,19–22 and EPO7–11,23 are among the drugs 
widely used in these studies and could be considered as possible 
candidates for clinical applications. FGF-2 is the most potent an-
giogenic factor in the FGF family; its effects are exerted in all steps 
of blood vessel formation and it plays an important role in wound 
KHDOLQJ�E\�WKH�LQGXFWLRQ�RI�PLJUDWLRQ�RI�PDFURSKDJHV��¿EUREODVWV�
DQG�HQGRWKHOLDO�FHOOV�LQWR�LQMXUHG�WLVVXHV��FROODJHQ��¿EURQHFWLQ��DQG�
proteoglycan synthesis, wound contraction, and in the formation 
of a new epidermis. It is also implied that FGFs are notable media-
tors in the growth and development of various tissues and hemato-
poiesis.13–18,24 EPO is traditionally known for its effects on mitosis 
induction, differentiation and activation of a variety of cell lines 
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that include mesangial cells, cardiac and smooth muscles, and vas-
cular endothelium. After discovery of EPO receptors in endothelial 
cells, this substance has been considered as a growth factor and it 
has been proposed that EPO can directly or indirectly act in certain 
steps of angiogenesis.25,26 

Studies administering FGF-2 at a dose of 2-2.7 μg in single or 
multiple injections have all demonstrated promising results in 
WHUPV�RI�LQFUHDVLQJ�ÀDS�VXUYLYDO�5,6,20,22 Results of the experiments 
XVLQJ�(32�LQ�SUHYHQWLQJ�VNLQ�ÀDS�QHFURVLV�KDYH�DOVR�EHHQ�IDYRU-
able;9–11�KRZHYHU��WKH�GUXJ�GRVH�LQ�WKHVH�VWXGLHV�KDV�YDULHG�VLJQL¿-
cantly, mostly from 50 to 400 U/kg. Saray et al.11 have reported 
that high (150 U/kg) or chronic (beyond one week) use of EPO 
GHWULPHQWDOO\�HIIHFWV�ÀDS�YLDELOLW\�ZLWK�UHVXOWV�WKDW�DUH�QRW�GLIIHUHQW�
from the control group. They have concluded that the best results 
could be achieved by short-term use of low or therapeutic (50-100 
U/kg) doses of EPO. In a pilot study previously performed (data 
not shown), we have also observed that increasing the dose of EPO 
IURP�����8�NJ�WR�����8�NJ�LQFUHDVHV�ÀDS�QHFURVLV��5HVXOWV�RI�WKH�
current study were comparable to studies which have used similar 
doses of drugs and similar methods of administration;5,6,9–11 how-
ever, most of these studies administered drug injections after the 
ÀDS�ZDV�FUHDWHG��:H�DGPLQLVWHUHG� WKH�VXEVWDQFHV�SULRU� WR�FUHDW-
LQJ� WKH�ÀDSV� LQ�RUGHU� WR�SURYLGH�VXI¿FLHQW� WLPH�IRU� WKH�GUXJV� WR�
H[HUW�WKHLU�HIIHFWV��7KH�GHVLJQDWHG�ÀDS�OHQJWK�WR�ZLGWK�UDWLR�LQ�RXU�
VWXG\�ZDV�����LQ�RUGHU�WR�LQYDULDEO\�FDXVH�VLJQL¿FDQW�QHFURVLV�LQ�

WKH�GLVWDO�SRUWLRQ�RI�WKH�ÀDS�LQ�WKH�FRQWURO�JURXS��:H�KDYH�QRWHG�
WKDW�WKH�GLVFRORUHG�DUHD�LQ�WKH�ÀDSV�FRXOG�EH�IXUWKHU�GLYLGHG�LQWR�
two zones; a distal blackened and indurated portion with clear 
clinical necrosis and a more proximal ischemic part with appar-
ently viable tissue. We have measured these two zones separately 
and concluded that although the area of total discoloration might 
QRW�YDU\�VLJQL¿FDQWO\�DPRQJ�WKH�VWXG\�JURXSV��WKHUH�ZRXOG�EH�DQ�
obvious reduction in the area of the apparent necrotic zone in the 
FGF-2 and EPO groups. Particularly, most of the discolored area in 
the FGF-2 group consisted of ischemic but viable tissue. However 
in the control group, the necrotic zone nearly covered the entire 
GLVFRORUHG�DUHD��,Q�WKH�(32�JURXS��WKHUH�ZDV�D�ZHOO�GH¿QHG�ERUGHU�
between the two zones. 
%DVHG�RQ�WKH�¿QGLQJ�WKDW�WKH�QXPEHUV�RI�YLVLEOH�EORRG�YHVVHOV�LQ�

high power (400x) light microscopy did not meaningfully increase 
in the EPO and FGF-2 groups, it could be implied that the increased 
ÀDS�YLDELOLW\�ZKLFK� IROORZHG�DGPLQLVWUDWLRQ�RI� WKHVH� VXEVWDQFHV�
could be due to improvement of tissue perfusion in microcircula-
tion and very small forming vessels which were not countable by 
our assessment tools. Hence the use of further assessment methods 
(such as immunohistochemistry and laser Doppler) is recommend-
ed in future similar studies for a more quantitative evaluation of 
angiogenesis and/or other possible underlying mechanisms. 

In conclusion, FGF-2 and EPO have been both shown to, with 
YDULDEOH�GHJUHHV��SUHYHQW�WKH�ÀDS�IURP�XQGHUJRLQJ�QHFURVLV�LQ�DQ�
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area threatened by tissue ischemia. The therapeutic effects of FGF-
��DUH�IDU�PRUH�DGYDQWDJHRXV�LQ�WHUPV�RI�SUHYHQWLQJ�ÀDS�QHFURVLV�
and increasing tissue viability during the 10 day study period; how-
HYHU��(32�VWLOO� UHPDLQV�DV�D�EHQH¿FLDO�FKRLFH� LQ� LPSURYLQJ�ÀDS�
survival.
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