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Colon anastomosis is therapeutically challenging be-
cause multiple, usually undetectable factors influence a 
spectrum of repair mechanisms. We hypothesized that 
low molecular weight heparins, routinely administered 
perioperatively, may differentially affect gene expression 
related to colon healing. Twenty pairs of untreated and 
enoxaparin-treated rats underwent left-side hemicolec-
tomy with a primary end-to-end anastomosis. Normal 
colon and anastomotic bowel segments were resected 
on day 0 and on days 1, 3, 5, and 7 after surgery, respec-
tively. Serial anastomosis transverse cross-sections were 
evaluated microscopically and by microarray (Rat Ge-
nome 230 2.0, Affymetrix). Differentially expressed probe 
sets were annotated with Gene Ontology. We also ex-
amined the influence of enoxaparin on fibroblast prolif-
eration and viability in vitro. Among the 5476 probe sets, 
we identified differential expression at each healing time 
point, yielding 79 subcategories. Most indicated genes 
were involved in wound healing, including multicellular 
organismal development, locomotory behavior, immune 
response, cell adhesion, inflammatory response, cell–cell 
signaling, blood vessel development, and tissue remod-
eling. Although we found no intensity differences in his-
tological features of healing between enoxaparin-treated 
and control rats, treatment did induce significant expres-
sion changes during early healing. Of these changes, 
83 probe sets exhibited at least twofold changes and 
represented different functional annotations, includ-
ing inflammatory response, regulation of transcription, 
regulation of apoptosis, and angiogenesis. Fibroblast 
culture confirmed an anti-viability effect of enoxaparin. 
Enoxaparin affects colon wound-related gene expression 
profiles, but further studies will resolve whether heparin 
treatment is a risk factor after intestinal surgery, at least 
in some patients. 
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INTRODuCTION

Wound repair activates multiple biological pathways 
that can restore tissue integrity in a precise sequence of 
events and consists of three overlapping phases: inflam-

mation, formation of new tissues, and remodeling. As a 
consequence, wound repair is an effect of synchronized 
hemostasis, acute and chronic inflammation, and pro-
liferation, differentiation, and migration of various cell 
types augmented with the synthesis of extracellular ma-
trix proteins and collagen fiber arrangement. Collagen 
is the most essential basal, skeletal protein employed in 
healing processes. It is synthesized by proliferating fi-
broblasts to fill wounds and finally form a stable scar. 
Production of collagen and remodeling are initiated in 
the days after the wound occurs, but inflammation and 
formation of granulated tissue occur immediately and 
continue for several weeks. Although the above-men-
tioned processes occur in a highly orchestrated multiple-
step procedure, specific actions overlap in the period of 
the first few days to weeks after wounding. Finally, most 
wounds are repaired in a fibrotic healing process that 
produces a scar (Gurtner et al., 2008). 

Anastomosis leakage is one of the most serious com-
plications of abdominal surgery. Although repair of an 
anastomotic wound results in a relatively common final 
outcome, a number of local, systemic, and external fac-
tors can influence the healing process. This multifactorial 
influence constitutes a considerable therapeutic challenge 
for surgery. Even if anastomosis is performed under 
optimal conditions, the risk of dehiscence remains as 
high as 3–20 % (Lustosa et al., 2002; Makela et al., 2003; 
Schmidt et al., 2003; Stumpf et al., 2005; Eberl et al., 
2008). Such complications can lead to prolonged hos-
pitalization and are associated with increased morbidity 
(Makela et al., 2003). 

Thrombophylaxis using low molecular weight heparins 
(LMWHs) is routinely administered to all patients dur-
ing the perioperative period. Nevertheless, unfractionated 
heparin (UFH) and LMWH can have adverse effects 
on the healing process. The antiproliferative effects of 
UFH and LMWH have been documented in fibroblasts 
(Tiozzo et al., 1991; Carroll et al., 2003), endothelial cells 
(Khorana et al., 2003), osteoblasts (Street et al., 2000) and 
vascular smooth muscle cells (Lake et al., 2003). Enoxa-
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parin, an LMWH, influences viability, proliferation, and 
apoptosis of osteoblasts in culture and also delays frac-
ture repair in animals (Street et al., 2000a; 2000b). Other 
studies have indicated that only UFH but not LMWH 
causes such bone defects in rabbits (Kock et al., 2002). 

Both UFH and LMWHs alter the bioavailability and 
activity of growth factors. Platelet-derived growth factor, 
basic fibroblast growth factor, and vascular endothelial 
growth factor (VEGF) are all involved in wound repair 
and are bound and inactivated by heparins (Lane et al., 
1989). Angiogenesis directly associated with VEGF ac-
tivity is necessary for formation of granulated tissue dur-
ing proper wound healing. LMWHs affect fibrin struc-
ture and inhibit angiogenesis in vitro (Collen et al., 2000). 
Heparin blocks fibroblast collagen production in cul-
ture, which delays wound maturation and consequently 
postpones final healing (Ferrao et al., 1993). Although a 
number of studies have sought to identify a broad spec-
trum of the biological effects of heparin, many chal-
lenging questions remain unanswered. Here we address 
the problem of whether or not heparins can modify the 
healing process of bowel anastomoses.

The study aim was to determine if and how admin-
istration of LMWHs in the perioperative period affects 
bowel anastomosis healing in a rat model (Krzesniak-
Wszola, 2007). In this study, we present the results of 
global gene expressional profiling to elucidate a spectrum 
of molecular alterations. In addition, we examined the 
influence of enoxaparin on the proliferation and viability 
of fibroblasts in vitro. 

MATERIAlS AND METhODS

Cells. Human dermal scarified fibroblasts of the con-
tinuous lines (fetal and adult, about 20th passage) were 
cultured. Harvested cells were divided into portions and 
frozen. For each experiment, a new frozen cell por-
tion was cultured in plastic cell culture flasks in Eagle’s 
modified medium supplemented with 10 % fetal bovine 
serum (FBS), 2 mM glutamine, penicillin (100 U/ml), 
and streptomycin (0.01 %) at 37 ºC and humidified with 
a 6/94 % CO2/air mixture. Cells were routinely subcul-
tured using trypsin solution. Enoxaparin was obtained 
as a pharmaceutical product and dissolved in phosphate-
buffered saline.

Cell proliferation assay. Cell growth was determined 
by incorporation of [3H]thymidine into the DNA of pro-
liferating cells. Exponentially growing cells were harvest-
ed, seeded in 96-well plates (1.4 × 105 and 2 × 105 of adult 
and fetal fibroblasts per well, respectively), and grown in 
a medium containing 10 % FBS. After 24 h, cells were 
supplemented with fresh medium without or with enoxa-
parin in one of five concentrations (20, 2, 0.2, 0.02, or 
0.002 U/ml). After 48 h, 0.1 µCi of [3H]thymidine was 
added to each well, and cells were cultured for an ad-
ditional 24 h. Media were changed daily. 

Another set of experiments was performed on fi-
broblasts subjected to 24-h serum deprivation (1 % 
FBS) and subsequently supplemented with 10 % FBS 
and enoxaparin for 3 days. Three independent experi-
ments were performed for each cell line, and all assays 
were repeated in octuplicate. Results were expressed 
as the percentage of control cells (means ± S.D.) and 
analyzed using analysis of variance (ANOVA), Mann-
Whitney U, or Kruskal-Wallis tests, depending on the 
data distribution. Means were considered to be differ-
ent if P < 0.05. 

Cell apoptosis/necrosis assay. Exponentially grow-
ing cells were seeded in eight-chamber culture slides in 
medium containing 10 % FBS and grown until 50 % con-
fluence was obtained. After 24 h of serum deprivation 
(1 % FBS), cells were supplemented with fresh medium 
containing enoxaparin in a range of concentrations as 
described above for 2 days. Media were changed daily. 
Finally, the adherent cells were stained on chamber slides 
with fluorescein-conjugated annexin V and propidium io-
dide using Annexin-V-FLUOS Staining Kit (Roche) ac-
cording to the manufacturer’s instructions. Fluorescence 
of individual cells was measured using fluorescence mi-
croscopy. The percentage of annexin V- and propidium 
iodide-stained cells within a minimum of 800 cells was 
determined. All experiments were performed in three in-
dependent repetitions. Results were expressed as a per-
centage of control cells (means ± S.D.) and were statisti-
cally analyzed using ANOVA and Kruskal-Wallis tests. 
Means were considered to be different if P < 0.05. 

Animals. Forty male Wistar rats (weight 270–300 g, 
age approx. 3 months) were used in the study. The rats 
were housed under standard conditions and permitted 
free access to water and to standard food pellets. All 
procedures were reviewed and approved by the local 
ethics committee.

Operative procedure. Rats were assigned to two 
groups. In one group of 20 animals, enoxaparin was in-
jected subcutaneously at a concentration of 0.5 mg/kg 
24 h before the operation and each day after the op-
eration. The other 20 animals were injected on the same 
time course with saline and served as controls. Anesthe-
sia was induced by intramuscular ketamine hydrochlo-
ride, 50 mg/kg and xylazine, 5 mg/kg. For each surgery, 
a median laparotomy of approx. 5 cm was made, and 
rats underwent a left-side hemicolectomy, with a pri-
mary end-to-end anastomosis of the left colon, approx. 
3 cm proximal to the peritoneal reflection. The anasto-
mosis was made with one-layer interrupted sutures using 
Maxon 7.0; fascia and skin were closed separately with a 
continuous Dexon 3.0 suture. At 0, 1, 3, 5, or 7 days af-
ter surgery, the 8 rats were sacrificed and the 4-cm anas-
tomotic bowel segments were resected, the adherent tis-
sues removed, and the bowel lumen cleaned with saline. 
Then, the excised segments were snap frozen and stored 
in liquid nitrogen. Before preparation, the longitudinal 
and transverse diameter of all resected colon specimens 
with an anastomosis were measured.

Microscopic analysis. Serial cryostat transverse 
cross-sections were collected from normal bowel and 
anastomoses. The four upper and four lower cryosec-
tions were stained with routine hematoxylin and eosin 
(H/E), and the remaining tissues were used as a source 
of RNA for the molecular analyses. Microscope slides 
were evaluated twice by the same experienced patholo-
gist (D.J.) in a blind fashion, and parameters of the anas-
tomotic healing (necrosis, granulation tissue, acute and 
chronic inflammatory cells) were scored in four stages of 
a semi-quantitative scale adapted from Kuzu et al. (1998): 
0 = negative, 1 = slight, 2 = moderate, and 3 = massive. 
Edema was evaluated as the ratio of wall thickness at the 
anastomosis to the mean thickness of the normal colon 
from ends of resected segments, as follows: 0 = negative; 
1 = the wall thickness ratio below 1.5; 2 = below 2.0; and 
3 = over 2.0. 

Sample preparation and microarray hybridization. 
Total RNA was extracted from cryostat-cut transverse 
cross-sections using the RNeasy Mini Kit (Qiagen) ac-
cording to the manufacturer’s protocol. Gene expression 
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analyses were carried out using Affymetrix oligonucle-
otide microarrays (GeneChip Rat Genome 230 2.0) as 
described previously (Ostrowski et al., 2007). 

To obtain gene expression measurements, the extrac-
tion of probe-level data was performed with a standard 
GC-RMA algorithm (Wu et al., 2004) for background 
correction and summarization steps and LVS algorithm 
(Gentleman et al., 2004) for normalization based on 
a least-variant set of probe sets. The calculations were 
performed with BioConductor (Affymetrix, 2002) pack-
ages gcrma (version 2.10.0) and FLUSH.LVS.bundle (ver-
sion 1.1.1). The quality-control procedure was based on 
MAS5.0 extracted information, using thresholds suggest-
ed by Affymetrix (Affymetrix, 2002); as a consequence, 
one of the arrays was rejected because of poor quality. 
The internal consistency of data sets was also tested us-
ing principal component analysis (PCA), normalized un-
scaled standard error plots, and relative log expression 
plots. 

For data filtration, we selected the probe sets exhibit-
ing signal intensity above the threshold in at least 10 % 
of samples. The threshold was established by fitting 
Gaussian functions to the two peaks observed in the his-
togram of expression values generated by the GC-RMA 
algorithm with LVS normalization. 

Unsupervised average-linkage hierarchical clustering 
with the Pearson correlation coefficient-based distance 
metric and PCA were used for a graphic summary and 
evaluation of relationships between studied groups. 

To establish gene expression profiles of the healing 
process, differentially expressed probe sets in the pair-
wise comparisons between the day 0 group and groups 
from the subsequent days after surgery (days 1, 3, 5, 
and 7) were identified using t-tests. ANOVA was also 
used for a multi-class comparison. The resulting P values 
were adjusted for multiple testing using the Benjamini–
Hochberg procedure that controls a false discovery rate 
(FDR) (Benjamini & Hochberg, 1995). The FDR thresh-
old was set to 0.001, and only probe sets exhibiting a 
minimum two-fold change in mean relative expression 
were included in the gene lists. Cluster analysis of probe 
sets exhibiting differential expression at least at one 
time point was also performed. The probe sets were di-
vided into groups of distinct expression patterns by an 
evolutionary-driven k-means clustering algorithm with 
a distance metric derived from the Pearson correlation 
coefficient. The selection of the number of clusters was 
based on visual inspection of the dendrogram resulting 
from an average-linkage hierarchical clustering procedure 
executed prior to the main cluster analysis.

In the heparin-treated vs control groups comparison, 
differential probe sets at each time point were identi-
fied with t-tests. Because of the expected small differ-
ences between expression profiles, permissive criteria 
were used for the feature selection step: the threshold 
for the P values was set equal to 0.01, which was accom-
panied by the requirement of at least a 1.25-fold change 
in expression. No FDR control procedure was used. A 
two-way ANOVA was also performed with the effect of 
heparin treatment as the first factor and day of specimen 
collection as the second. 

Both statistical and cluster analyses were performed 
using a proprietary software working in the MATLAB 
(MathWorks) environment.

Functional analyses of gene expression by Gene 
Ontology. Differentially expressed probe sets were an-
notated with Gene Ontology (GO) terms (version 2.0.2) 

(Ashburner et al., 2000) using the Bioconductor packages 

rat2302 (version 2.0.1, Affymetrix Rat Genome 230 2.0 
Array Annotation Data) and package annotate (version 
1.16.1). The significance of differential representation 
of GO terms between specified lists of probe sets was 
determined by the hypergeometric test implemented in 
GOstats (version 2.4.0) (Falcon et al., 2007). P values 
returned by GOstats were corrected for testing of mul-
tiple hypotheses with the Benjamini–Hochberg method 
implemented in an R environment (version 2.6.1, The 
R Foundation for Statistical Computing; http://www.r-
project.org). Adjusted P values of less than 0.01 were 
considered significant.

Supplementary data. All gene expression data in 
MIAME complementary formats, supplementary figures 
and tables are available at http://integromics.pl/files/
Enoxaparine/

RESulTS

Enaxoparin inhibits viability of cultured fibroblasts 

Studies performed on fetal and adult dermal scarified 
fibroblasts treated with an increasing concentration of 
enoxaparin showed that the highest concentrations of 
enoxaparin inhibited incorporation of 3H-thymidine into 
DNA in serum-deprived cells (in adult and fetal fibrob-
lasts, a 30 % and 15 % decrease for 2 U/ml enoxaparin 
and 43 % and 15 % for 20 U/ml enoxaparin, respec-
tively) (Fig. 1A). When exponentially growing cells were 
used, the same effect of the highest enoxaparin concen-
trations was observed only in adult fibroblasts (19 % and 
35 % decrease for 2 and 20 U/ml enoxaparin, respec-
tively) (Fig. 1B). Notably, at the lowest concentration 
(0.002 U/ml), enoxaparin enhanced proliferation of fetal 
fibroblasts (Fig. 1).

In repeated and quantified experiments, treatment with 
enoxaparin for 48 h did not change the level of early 
apoptosis but caused a statistically significant increase of 
late apoptosis and/or necrosis of both fibroblast lines, 
even with the lowest concentrations used (Fig. 2).

Microscopic analysis of anastomotic healing

Histological evaluation was performed to control the 
relative content of anastomosis repair-related changes 
with a series of cryostat transverse cross-sections. Up-
per cryosections represented colon sections taken ap-
prox. 4 mm from the anastomosis, while lower sections 
were cut out from a closer distance to the anastomosis. 
The sections were stained with H/E, and microscop-
ic parameters of the healing were evaluated in a blind 
fashion on a semi-quantitative scale. Because histologi-
cal alterations evaluated at both anastomosis sites of 
each excised segment showed no obvious differences 
(not shown), their scores were considered together dur-
ing statistical analysis.

The histological examination of the anastomoses 
showed different features of anastomotic repair processes, 
which varied depending on the day after the operation 
(Table 1). From day 1, specimens exhibited massive ede-
ma and swelling of the colonic anastomosis, discontinuity 
of the mucosal layer, and low to moderate necrosis of the 
mucosal and submucosal layers with areas of infiltration 
by polymorphonuclear cells (PMNs) and lymphocytes. 

In the samples obtained on the third day of healing, 
all the described microscopic parameters had increased 
in intensity. The bowel walls at the anastomotic site 
showed massive, full-thickness mucosal and submucosal 
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Table 1. The pair-wise semi-quantitative comparisons of microscopic healing parameters estimated in two series of transverse cross-
sections of anastomosis sites that were obtained from four enoxaparin-treated and four control animals on days 1, 3, 5, and 7 after 
surgery
Data represent means ± standard deviation.

Day 1 Day 3 Day 5 Day 7

Edema
 Control
 Enoxaparin

2.75 ± 0.46
2.63 ± 0.52

2.50 ± 0.53
2.63 ± 0.52

1.30 ± 1.06
1.50 ± 1.20

0.63 ± 0.74
0.75 ± 0.71

Necrosis
 Control
 Enoxaparin

0.88 ± 0.83
0.75 ± 0.89

1.50 ± 0.93
1.63 ± 0.74

1.63 ± 0.92
1.63 ± 1.19

0.88 ± 0.64
0.75 ± 0.71

Granulocytes
 Control
 Enoxaparin

1.13 ± 0.83
1.00 ± 0.93

2.25 ± 0.71
2.13 ± 1.13

1.75 ± 0.71
1.50 ± 1.20

1.25 ± 0.71
1.38 ± 0.74

Lymphocytes/macrophages
 Control
 Enoxaparin

1.50 ± 0.76
1.63 ± 0.52

1.50 ± 0.93
1.25 ± 1.16

1.75 ± 1.16
1.50 ± 1.20

2.25 ± 0.71
2.13 ± 0.83

Granulation tissue
 Control
 Enoxaparin

0.25 ± 0.46
0.35 ± 0.52

1.25 ± 0.71
1.38 ± 0.74

1.50 ± 1.20
1.50 ± 1.41

2.50 ± 0.53
2.38 ± 0.74

Figure 2. Quantification of enoxaparin-induced cell death
To simplify result presentation, the percentage of unlabeled cells (intact cells) and those labeled with Annexin V (early apoptosis) and la-
beled with Annexin V and/or propidium iodate (late apoptosis and necrosis) were shown on the same figures. Adult fibroblasts — Panel 
A Fetal fibroblasts — Panel B. Results represent means ± S.D. of 3 separate experiments. b, c indicate a significant increase (P < 0.01; c, 
P < 0.001) in the number of cells stained with annexin V and/or propidium iodide in enoxaparin-treated cells compared to untreated cells.

Figure 1. The effects of enoxaparin on proliferation of human fetal and adult dermal scarified fibroblasts, determined by 3h-thymi-
dine incorporation
Panel A. Cells were grown for 24 h in 96-well plates in Eagle’s modified medium containing 10 % FBS and then were exposed to varying 
concentrations (20, 2, 0.2, 0.02, and 0.002 U/ml) of enoxaparin for 3 days. Panel B. 24-hour serum-starved fibroblasts were supplemented 
for 3 days with 10 % FBS and with or without enoxaparin. 0.1 mCi of 3H-thymidine was added to each well for 24 h before cellular DNA 
was collected and radioactivity determined by scintillation counting. Three independent experiments were performed for each cell line. 
Results were expressed as the percentage of control cells (means ± S.D.). a, b, c indicate a significant decrease (a, P < 0.05; b, P < 0.01; 
c, P < 0.001) in 3H-thymidine incorporation in enoxaparin-treated cells compared to untreated cells.
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necrosis with areas of necrosis penetrating to the muscu-
lar layer, massive infiltration by PMNs and lymphocytes, 
and moderate infiltration by macrophages. 

On day 7, there was distinct formation of granulation 
tissue and numerous blood vessels within the submucosa. 
In addition, we observed a moderate to marked chronic 

inflammatory response and 
restitution of mucosal epi-
thelial layers, while edema 
had almost disappeared. 

In the specimens ob-
tained from post-operative 
day 5, the analyzed micro-
scopic features of repair 
processes were diverse. 
In two animals, scoring 
of the anastomosis heal-
ing showed submucosal-
muscular restoration with 
features typical for day 7, 
while two other rats exhib-
ited a significant delay in 
anastomotic repair, with all 
histological features typical 
for day 3. 

The intensity of histologi-
cal features of healing did 
not differ between enox-
aparin-treated and control 
rats at any time point (Ta-
ble 1).

Gene expression patterns 
of colonic anastomotic site

After initial assessment, one array was rejected from the 
analyses based on its poor quality, according to the param-
eters established by Affymetrix, and quantitative and parallel 
measurements of gene expression were performed on the 

remaining 39 arrays. From 
over 31 000 probe sets of 
the GeneChip Rat Genome 
230 2.0 microarray, the to-
tal number of probe sets 
after the filtering step was 
15 749. To test the consist-
ency of the data sets, PCA 
was used to transform gene 
expression variables (based 
on all probe sets with detect-
able expression levels) from 
each array to corresponding 
principal-component scores. 
The resulting plot (Supple-
mentary Fig. 1) showed that 
while most arrays from the 
same experimental day clus-
tered together, four arrays 
from anastomotic tissue on 
day 5 post-surgery were no-
tably distinct from the others. 
The graphical summary of 
relationships between studied 
groups of tissue samples was 
related to results obtained in 
the microscopic analysis of 
anastomoses. Furthermore, 
as in the case of histologi-
cal features of healing, the 
graphical evaluation of gene 
expression did not reveal sig-
nificant differences between 
heparin-treated and untreated 
rats (not shown). 

Figure 3. Principal component analysis
The first two principal components were computed from 5476 probe sets differentially changed at 
least 2-fold at least at one of the analyzed time points.

Figure 4. Panel A. Supervised hierarchical clustering from 5476 probe sets differentially 
changed at least 2-fold at least at one of the analyzed time points yielding 7 distinct clusters of 
separated expression patterns during the early phase of anastomosis healing (panels A and B)
Across the top, individual tissue samples from day 0 (red), 1 (blue), 3 (green), 5 (black), and 7 (vio-
let) after surgery are arrayed in a column on the left side in rows are shown the top individual 
probe sets that form the 7 clusters. The color in each cell reflects the expression level of the cor-
responding probe set in the corresponding array sample relative to its mean level of expression 
estimated for the entire set of samples. Red indicates expression levels greater than means, and 
green indicates lower than means. 
Panel B. Temporal expression patterns of genes identified by hierarchical clustering, as shown 
in Panel A 
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To establish gene expression signatures of the early 
phase of colonic healing, we then combined four ar-
rays from control and four arrays from enoxaparin-treat-
ed rats on each testing day. Of the 15 749 probe sets, 
ANOVA revealed 5 476 probe sets that differentially 
changed at least 2-fold (FDR=0.001) at least at one of 
the analyzed time points (Fig. 3). Supplementary Table 1 
(Suplementary Material available on www.actabp.pl) gives 
the complete list of the probe sets that were differen-
tially expressed after surgery.

Notably, unsupervised hierarchical clustering of the 
5476 probe sets formed seven distinct clusters of clear-
ly separated expression patterns during the early phase 
of anastomosis healing (Fig. 4A). As shown in Fig. 4B, 
28 % of the differentially expressed probe sets showed 
a continual decrease in expression from the first day, 
and 15 % of probe sets exhibited a dramatic decline on 
the first day after surgery with a continual low level of 
expression on the remaining days. Two pattern vectors 
consisted of 15 % and 20 % of probe sets and showed 
a continual increase in transcript levels starting from the 
first or third day after surgery, respectively. Two other 
pattern vectors showed a peak increase or peak decrease 
on the first day followed by a continual recovery to pre-
surgery basal expression levels. They represented 11 % 
and 10 % of differentially expressed probe sets, respec-
tively. 

Functional features of the 5476 differentially expressed 
transcripts, as analyzed based on their annotation to 

Gene Ontology terms, allowed selection of 79 subcate-
gories (Supplementary Table 2). Terms with the highest 
level of significance were represented by: multicellular 
organismal development (GO: 0007275), locomotory be-
havior (GO: 0007626), immune response (GO: 0006952), 
cell adhesion (GO: 0007155), inflammatory response 
(GO: 0006954), cell–cell signaling (GO: 0007267), 
blood vessel development (GO: 0001568), tissue re-
modeling (GO: 0048771), and phosphate transport 
(GO: 0006817). Several other GO terms, like cell mi-
gration (GO: 0016477), cellular defense response 
(GO: 0006968), angiogenesis (GO: 0001525), growth 
(GO: 0040007), cell proliferation (GO: 0008283), leu-
kocyte activation (GO: 0045321), and blood coagulation 
(GO: 0007596), which exhibited lower levels of statisti-
cal significance, were also related to repair mechanisms. 
Thus, most of the extracted nodes indicated that many 
of the differentially expressed genes were involved in 
wound healing.

When the pair-wise comparisons were used, 2502, 
2091, 1895, and 3044 of differentially expressed probe 
sets between normal colon and anastomosis were se-
lected from days 1, 3, 5 and 7 after surgery, respectively 
(Supplementary Table 3). Of these, respectively 36 %, 
43 %, 48 %, and 46 % of probe sets were upregulated. 
Further functional analysis using GO subcategories re-
vealed that genes subdivided according to function were 
annotated to many terms closely related to tissue repair 
(Supplementary Table 4; Table 2).

Table 2. Terms with the highest overrepresentation selected by Gene Ontology functional analysis among genes differentially 
changed at least at two of the anastomosis healing time points

Ids GO description
Pair-wise comparisons between days: 
(pa.values)

0–1 0–3 0–5 0–7

GO: 0006955 immune response 0.00012 3.10E-08 0.000152 7.45E-12

GO: 0007626 locomotory behavior 0.00012 2.87E-09 4.81E-05 2.18E-11

GO: 0030593 neutrophil chemotaxis 0.000263 2.53E-05 0.001341 7.13E-05

GO: 0007267 cell–cell signaling 0.000533 1.47E-05 0.001341 0.000554

GO: 0055065 metal ion homeostasis 0.00292 0.000255 0.001051

GO: 0006968 cellular defense response 0.002067 0.005308 4.27E-06

GO: 0006935 chemotaxis 0.000653 0.005342 4.55E-06

GO: 0009653 anatomical structure morphogenesis 0.009583 0.00763 7.82E-06

GO: 0065008 regulation of biological quality 1.02E-05 0.000301 2.77E-05

GO: 0007155 cell adhesion 0.000639 1.45E-06 0.000886

GO: 0001775 cell activation 0.003249 8.97E-05

GO: 0055082 cellular chemical homeostasis 0.001371 0.000886

GO: 0050801 ion homeostasis 0.000771 0.000886

GO: 0009611 response to wounding 0.000587 0.001416

GO: 0016477 cell migration 0.002837 0.001641

GO: 0007275 multicellular organismal development 3.04E-05 4.84E-09

GO: 0006954 inflammatory response 4.58E-05 7.95E-09

GO: 0048771 tissue remodeling 0.000491 2.91E-06

GO: 0002684 positive regulation of immune system 
process

0.001486 3.15E-05

GO: 0006959 humoral immune response 0.006994 0.000312

GO: 0009888 tissue development 0.000373 0.000502
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Enoxaparin influences gene expression profiling of 
bowel anastomosis sites

Differences in gene expression between microscopi-
cally different transverse cross-sections representing the 
early anastomosis healing phases were high enough to 
compensate, at least partly, the biological variability iden-
tified by microscopic evaluation. However, when micro-
array technology was used for screening a potentially few 
enoxaparin-related genes with relatively small expression 
level changes among thousands of unaffected genes, it 
was crucial to extract biological information from prop-
erly selected analytical data. Therefore, the choice of 
microarrays was an important step in further processing 
of expression data. 

Because of an a priori expectation of small differences 
in expression profiles, the next step of the microarray data 
analyses was to establish the groups of arrays to be ex-
tracted together. Based on imperfect internal consistency 
across array series (Supplementary Fig. 1), 10 arrays, in-
cluding those representing day 5, one array from day 1, 
and one array from day 3 after surgery, were rejected 
from the analysis. They were distinct from arrays that 
clustered together on their respective day and significantly 
affected the selection procedure of differentially expressed 
genes. In addition, we used more permissive criteria (P 
values < 0.01 and the fold change set at >1.25 or < 0.8). 

We estimated 566 out of 15 749 probe sets as pass-
ing two-way ANOVA statistical testing and exhibiting 
differentiated anastomosis expression profiles between 
heparin-treated and control rats, as visualized by PCA 
(Supplementary Fig. 2; Supplementary Table 5). They 
included 294 out 5476 probe sets that were selected as 
showing gene expression patterns of colonic anastomotic 
sites distinguishing days of healing (Fig. 5; Supplemen-
tary Table 6). 

Pair-wise comparisons between the heparin-treated 
and untreated rats revealed 46, 229, 116, and 61 probe 
sets of differentiated gene expression levels (FC > 1.25) 
on days 0, 1, 3, and 7, respectively. Of these, 83 exhib-
ited at least twofold-change (> 2.0 or  < 0.5); 1, 45, 31, 

and 6 probe sets were dis-
criminative between enoxa-
parin-treated and untreated 
rats on days 0, 1, 3, and 
7, respectively (Supplemen-
tary Table 7). Seventy-six 
probe sets with the high-
est differences in expres-
sion level were upregulated 
in response to enoxaparin 
treatment. They represent-
ed genes encoding proteins 
with different functional 
annotations according to 
GO, such as inflamma-
tory response [natriuretic 
peptide precursor type B, 
chemokine (C-C motif) lig-
and 4, chemokine (C-C mo-
tif) receptor 1, chemokine 
(C-C motif) receptor-like 
2, chemokine (C-C mo-
tif) receptor 5, chemokine 
(C-C motif) ligand 6]; signal 
transduction [RAS guanyl 
releasing protein 4 (similar 
to Rho-GTPase-activating 
protein 25), Rho GTPase 
activating protein 9, phos-

phodiesterase 4B, caspase recruitment domain family/
member 11, tensin]; regulation of transcription (cAMP 
responsive element modulator, nuclear factor interleukin 
3 regulated, activating transcription factor 3, early growth 
response 1, nuclear receptor subfamily 1/group D/mem-
ber 1, nuclear receptor subfamily 1/group D/member 
2D, site albumin promoter binding protein); regulation 
of apoptosis (B-cell leukemia/lymphoma 2-related pro-
tein A1, complement component 6, interleukin 8 recep-
tor beta); and angiogenesis (annexin A2, vascular en-
dothelial growth factor A). 

Although gene-by-gene statistical testing of micro-
array data showed that many of the genes affected by 
enoxaparin appeared to be implicated in anastomosis 
wound repair, the ontological analysis identified GO 
subcategories related to heparin treatment only from 
the list of 120 probe sets. Of these, genes annotated 
to “cell communication” (P = 4.61E-05), “signal trans-
duction” (P = 0.000221), “cell surface receptor linked 
signal transduction” (P = 0.002207), and “phagocytosis” 
(P = 0.00612) were found to exhibit high levels of statis-
tical significance. 

DISCuSSION

The proper healing of the gut surface requires distinct 
mechanisms including migration and proliferation of ma-
ture epithelial cells and maturation and differentiation of 
undifferentiated epithelial cells. A deeper wound healing 
represents the interference and collaboration between ep-
ithelial and non-epithelial cell populations in the mucosal 
and submucosal layers, which are modulated by acute 
and chronic inflammation (Basson et al., 2003; Sturm et 
al., 2008). In addition, several coordinated interactions 
between cells, integrins, extracellular matrix molecules, 
and metalloproteinases are crucial for the healing process 
(Steffensen, 2001). All of these processes are primarily 
related to a spectrum of molecular alterations. 

Figure 5. Principal component analysis
The first two principal components were computed from 294 probe sets that were selected from 
5475 probe sets distinguishing days of anastomotic site healing (H) — enoxaparin-treated rats.
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Until now, evidence regarding wound repair has been 
mostly obtained from clinical observations supported by 
histological evaluation. Such studies in combination with 
cell-oriented molecular studies have been successful in 
the elucidation of the structure and function of various 
types of cells involved in hemostasis, removal of cell de-
bris, and prevention of infection, and reflect the immune 
reaction to injury (Verhofstad et al., 2001). Although mo-
lecular aspects of wound healing have been studied both 
in vitro and in vivo, molecular mechanisms of tissue repair 
after injury are rather poorly characterized. In vitro stud-
ies use a mechanical injury of confluent monolayers of 
cultured cells (Dayem et al., 2003), while the majority of 
in vivo studies have been performed with dermal wound 
models (Cole et al., 2001; Cooper et al., 2005; Colwell et 
al., 2008). 

For the first time, we present a global view of gene 
expression during the early phase of anastomosis healing. 
Not surprisingly, thousands of genes display expression 
changes following anastomotic wounding that relate to 
key cellular processes, including cell migration, growth, 
proliferation, and differentiation, which result in rapid 
wound closure and repair. Because the inflammatory 
process is a key component of wound healing, numer-
ous genes encoding cytokines and growth factors, pros-
taglandins, protein kinases, and phosphatases and media-
tors of DNA synthesis, gene transcription, phospholipid 
metabolism, or protein synthesis have been found to be 
differentially expressed during anastomosis healing. Many 
of these gene expression alterations are similar to those 
involved in adaptive molecular changes against mucosal 
injury of the gastrointestinal tract as well as most oth-
er injured tissues and organs (Gurtner et al., 2008; Os-
trowski et al., 2007; Colwell et al., 2008). Here, microar-
rays seem to be well suited for molecular fingerprinting 
of various stages of anastomosis healing. 

Though each cell of the body contains the same com-
plete set of genetic information, cells in multicellular or-
ganisms are grouped into specific and distinct structures 
and functions. The cellular diversity results from dif-
ferential gene expression that adjusts the metabolism of 
each cell in response to the developmental state, adap-
tive processes, and environmental factors. Understanding 
this cellular complexity requires models based on levels 
of phenotype organization derived from the translation 
of steady-state analyses into comprehensive models of 
molecular interactions. Microarray experiments identify 
and quantify individual elements rather than functional 
interactions and dynamics among the highly structured 
systems and generate lists of differentially expressed 
genes. Thus, the major disadvantage of microarray stud-
ies comes from the fact that they do not provide a dis-
tinction between gene expression profiling of the vari-
ous cellular components of the studied tissue. To obtain 
functional information from microarray data, an ontolog-
ical analysis approach is usually used to build inter- and 
intracellular biological networks. Consequently, we ana-
lyzed the functional features of differentially expressed 
genes and the specific pathways involved in anastomosis 
healing signals using the annotation of functional groups 
of genes using GO. Although GO has several concep-
tual limitations (Khatri et al., 2005), it not only allows 
support from expert information extracted from relevant 
pathophysiological and pathological studies but also pro-
vides novel insights into the molecular aspects of wound 
healing. 

Notably, our analyses may have missed some biologi-
cal information regarding processes of anastomosis heal-

ing, a problem that is attributable to most of the high-
throughput analytical platforms. As a consequence of 
applications for statistically testing a fixed threshold of 
significance, genes exhibiting smaller expression differ-
ences were eliminated from the analysis, although some 
of them might also be implicated in anastomosis wound 
repair. In addition, some biologically relevant genes 
might have been eliminated separately by ontological 
analysis because this method addresses only those genes 
that have been previously annotated to the relevant “bio-
logical process,” “molecular function,” and/or “cellular 
component.” Thus, functional analysis of our data re-
mains open ended, and detailed gene expression data in-
cluding microarray CEL intensity files are publicly avail-
able online at http://integromics.pl/files/Enoxaparine/

Our study aimed to identify whether enoxaparin, 
an LMWH, affects gene expression patterns during 
the early anastomosis healing. Heparin is an anionic 
glycosaminoglycan that inhibits anticoagulant activ-
ity mediated by antithrombin III, inactivates factors IIa 
(thrombin), Xa, IXa, XIa, and XIIa, and prevents the 
transformation of fibrinogen into an insoluble fibrin 
clot. LMWHs, which are derived from UFH by chemi-
cal or enzymatic depolymerization, inactivate factor Xa 
and have a minor antifactor IIa effect. Inhibition of co-
agulation by heparins causes a shift of balance towards 
fibrinolysis. Plasmin and tissue activator of plasminogen, 
which act as structural elements of the anticoagulant sys-
tem, contribute to the activation of collagenase, resulting 
in increased degradation of extracellular matrix proteins 
like collagen (Singer et al., 1999). Although heparin treat-
ment did not affect the tensile strength of the anasto-
mosis in rats (Matzsch et al., 1987), prophylactic doses 
of LMWHs specifically inhibit adhesion processes in the 
abdomen (Arikan et al., 2005). 

The results of this study showed anti-proliferative and 
late apoptotic/necrotic effects of enoxaparin in cultured 
fibroblasts, confirming viability alterations found in vari-
ous other cells in response to UFH and LMWH treat-
ment (Krzesniak-Wszola et al., 2007). In addition, enoxa-
parin induced significant gene expression changes during 
the early phases of bowel anastomosis healing in rats, al-
though it did not affect the intensity of histological fea-
tures of the healing. 

Colon anastomosis constitutes a considerable thera-
peutic challenge. Restoration of tissue integrity and 
homeostasis depends on a specific genetic program 
in which closely regulated cross-talk between multiple 
intercellular and intracellular signaling pathways is ac-
tivated and synchronized. Whether the LMWH-related 
cellular and molecular changes may affect the proc-
ess of anastomosis healing remains to be established. 
Individual susceptibility to disease is based on genetic 
variance that determines a patient’s defense and adap-
tive mechanisms to environmental factors, particularly 
molecular mechanisms. However, intestinal tract conti-
nuity is reestablished by a spectrum of repair mecha-
nisms that includes tension-free anastomosis and ad-
equate tissue perfusion in anastomosed stumps, time of 
operation, intraoperative blood loss, and intraoperative 
contamination of the operative field, possibly related to 
the surgeon’s experience. The risk of dehiscence also 
relates to both preoperative and postoperative factors 
such as age, gender, malnutrition, and cardiovascular 
diseases (Krzesniak-Wszola et al., 2007). Thus, further 
studies should be carried out to resolve whether or not 
heparin treatment may be a risk factor after intestinal 
surgery, at least in some patients. 
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