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Rapamycin, but not cyclosporine A, inhibits vascularization
and incorporation of implanted surgical meshes
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Introduction

Incisional hernias represent a common complication of

upper and lower abdominal wall interventions, including

transplantation of the pancreas, the kidney and the liver.

In fact, the incidence of hernias following orthotopic liver

transplantation even seems to have increased during the

preceding years [1]. For instance, Toso et al. [2] recently

reported that 34.3% (24 of 70) of their patients suffered

from this complication. In general, there are several cau-

sal factors that can contribute to the formation of inci-

sional hernias after liver transplantation. Increased

mechanical strain on the wound may be induced as a

result of the discrepancy between the size of the trans-

planted organ and too little space within the abdomen or

resulting from substantial postoperative ascites in the

abdominal cavity [3]. Moreover, liver transplant patients

are treated by high-dose immunosuppressive drugs, which

have been shown to significantly impair wound healing

by inhibiting angiogenesis and collagen synthesis [4–6].

This applies in particular to rapamycin. Nonetheless,

patients are treated with this immunosuppressant drug

because of intolerance of tacrolimus or worsening renal

function after transplantation [7].

During the last few years, implantation of surgical

meshes has become the gold standard in the treatment of

incisional hernias. In comparison to primary suture

repair, this technique results in significantly reduced

recurrence rates [8]. In principle, mesh implantation can

be conducted either by open prosthetic repair or laparo-
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Summary

Incisional hernias are a frequent complication of upper abdominal wall inter-

ventions, especially in patients undergoing liver transplantation with subse-

quent immunosuppressive therapy. Therefore, we analyzed in this study the

manner in which the incorporation of a surgical mesh for hernia repair is

affected by the immunosuppressant drugs rapamycin and cyclosporine A

(CsA). For this purpose, Ultrapro meshes were implanted into the dorsal skin-

fold chambers of rapamycin- and CsA-treated hamsters. Untreated animals

served as controls. The angiogenic and inflammatory host tissue response to

the mesh implants was then analyzed over a 14-day period by means of intravi-

tal fluorescence microscopy. Mesh incorporation was determined by histology

and measurement of explantation strength. Rapamycin dose-dependently inhib-

ited vascularization of implanted meshes, as indicated by a significantly reduced

number of angiogenesis-positive regions of interest and microvessel density,

when compared with CsA-treated hamsters and controls. In addition, the gran-

ulation tissue surrounding the meshes of rapamycin-treated animals exhibited

only a low collagen content, resulting in an impaired mesh incorporation with

a significantly reduced explantation strength. Leukocyte–endothelial cell inter-

action did not show marked differences between the observation groups. Thus,

immunosuppressed patients should not be treated with rapamycin in case of

incisional hernia repair in order to guarantee adequate mesh incorporation.
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scopically [9], and laparoscopic hernia repair is associated

with fewer wound complications and a decreased inci-

dence of recurrence [7]. However, in both cases adequate

mesh incorporation into the surrounding tissue is a major

prerequisite for the long-term stability of the closed

abdominal wall defect and, thus, for the success of the

method.

Based on the finding that immunosuppressive therapy

impairs the formation of granulation tissue during wound

healing, the aim of the present in vivo study was to ana-

lyze the manner in which the immunosuppressive drugs

rapamycin and cyclosporine A (CsA) affect the incorpora-

tion of implanted surgical meshes. For this purpose, we

implanted an Ultrapro mesh into the dorsal skinfold

chamber of rapamycin- or CsA-treated hamsters, as

described previously [10,11]. Subsequently, we analyzed

angiogenesis, vascularization and activation of leukocytes

at the implantation site as well as mesh incorporation by

means of intravital fluorescence microscopy and histol-

ogy.

Materials and methods

Animals

Eight- to ten-week-old male Syrian golden hamsters with

a body weight of 60–80 g were used for the experiments.

They were housed one per cage and had free access to tap

water and standard pellet food (Altromin, Lage, Ger-

many). The experiments were conducted in accordance

with the German legislation on protection of animals and

the NIH Guidelines for the Care and Use of Laboratory

Animals (NIH Publication #85-23 Rev. 1985). They were

approved by the local governmental animal care commit-

tee.

Preparation of the dorsal skinfold chamber

The hamster dorsal skinfold chamber and its implantation

procedure have been described previously in detail

[12,13]. In brief, under sodium pentobarbital anesthesia

(50 mg/kg body weight i.p.), two symmetrical titanium

frames were implanted on the extended dorsal skinfold of

the hamsters, so that they sandwiched the double layer of

skin. One layer of skin was completely removed in a cir-

cular area of approximately 15 mm in diameter, and the

remaining layers (consisting of striated skin muscle, sub-

cutaneous tissue and cutis) were covered with a remov-

able coverslip incorporated into one of the titanium

frames (Fig. 1a). After the preparation, the hamsters were

allowed to recover from anesthesia and surgery for at

least 48 h. The animals tolerated the chamber and its

preparation well, as indicated by constant body weight as

well as normal feeding and sleeping habits.

Mesh implantation

In this study, we implanted a small piece (approximately

3 · 3 mm) of an Ultrapro mesh (kindly provided by

Ethicon Products, Norderstedt, Germany) into the dorsal

skinfold chamber. This Prolene–Monocryl composite

mesh is commonly used in clinical practice for hernia

repair. For mesh implantation, the animals were anesthe-

tized by i.p. injection of pentobarbital (50 mg/kg body

weight) and immobilized in a Plexiglas tube. The cover

glass of the dorsal skinfold chamber was removed and a

small piece of the Ultrapro mesh was carefully placed

onto the striated muscle tissue within the center of each

chamber (Fig. 1b–d), taking care to avoid contamination,

mechanical irritation or damage to the chamber prepara-

tion.

Intravital fluorescence microscopy

For in vivo microscopic observation, the hamsters were

again immobilized in a Plexiglas tube and the dorsal skin-

fold chamber was attached to the microscopic stage. After

retrobulbary i.v. injection of 0.1 ml 5% fluorescein isothio-

cyanate (FITC)-labeled dextran 150 000 (contrast enhance-

ment by staining of blood plasma) and 0.1 ml 0.1%

rhodamine 6G (Sigma Aldrich, Taufkirchen, Germany) for

direct staining of white blood cells, intravital fluorescence

microscopy was performed using a modified Leitz Ortho-

plan microscope with a 100 W mercury lamp attached to a

Ploemo-Pak illuminator with blue, green and ultraviolet

filter blocks (Leitz, Wetzlar, Germany) for epi-illumi-

nation. The microscopic images were recorded by a

charge-coupled device video camera (CF8/1 FMC; Kappa

GmbH, Gleichen, Germany) and transferred to a video

system for off-line evaluation. With the use of 4·, 6.3·,

10·, and 20· long-distance objectives (Leitz) magni-

fications of ·86, ·136, ·216 and ·432 were achieved on a

14-inch video screen (PVM 1444; Sony, Tokyo, Japan).

Microcirculatory analysis

The microscopic images were analyzed quantitatively off-

line by means of the computer-assisted image analysis

system CapImage (Zeintl, Heidelberg, Germany). In four

different microvascular regions of interest (ROIs) in the

border zone of the meshes, i.e. in close vicinity to the

implanted material, we measured leukocyte–endothelial

cell interaction within host postcapillary or collecting ven-

ules (diameter: approximately 20–40 lm). For this pur-

pose, the leukocytes were classified according to their

interaction with the vascular endothelium as adherent,

rolling or free-flowing cells [14]. Adherent leukocytes

were defined in each vessel segment as cells that did not
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move or detach from the endothelial lining within an

observation period of 20 s, and are given as number of

cells per square millimeter of endothelial surface, calcu-

lated from the diameter and length of the vessel segment

studied, assuming a cylindrical vessel geometry. Rolling

leukocytes were defined as cells moving with a velocity

less than two-fifths of the centerline velocity, and are

given as number of cells per 20 s passing a reference

point within the microvessel [15].

Angiogenesis was analyzed in eight different microvas-

cular ROIs in the border zone of the meshes. ROIs were

defined as positive for angiogenesis when signs of blood

vessel development, i.e. capillary buds and sprouts or

newly formed microvessels ingrowing into the surgical

mesh implant, could be identified [14]. More detailed

information on the vascular ingrowth into the different

ROIs was provided by the quantitative analysis of the

functional capillary density, i.e. the length of perfused

capillaries per observation area given in cm/cm2 [16].

Experimental protocol

A total of 16 Ultrapro meshes were implanted into dor-

sal skinfold chambers of Syrian golden hamsters, which

were treated daily with 0.08 mg/kg i.p. (n = 6) or

1.5 mg/kg i.p. (n = 5) rapamycin (Wyeth Pharma

GmbH, Münster, Germany) as well as CsA (n = 5;

20 mg/kg; Sigma Aldrich). The dosages of rapamycin

and CsA used in this study have previously been shown

to be effective in various rodent models [17–21]. Immu-

nosuppressive therapy started 48 h before mesh implan-

tation. Additional seven hamsters, which did not receive

any immunosuppressant therapy, served as controls.

Intravital fluorescence microscopic analysis of leukocyte–

endothelial cell interaction and vascularization was per-

formed under baseline conditions (BL) directly before

mesh implantation as well as at 20 min, 24 h, 3, 7 and

14 days after mesh implantation. At the end of the

in vivo experiments, i.e. at day 14, incorporation of the

surgical meshes into the surrounding host tissue was

analyzed by histologic examinations of the dorsal skin-

fold chamber preparations. Explantation strength was

measured in four additional animals per group. More-

over, blood was drawn from the jugular vein of three

additional animals per group in order to measure sys-

temic leukocyte counts and whole blood concentrations

of rapamycin and CsA under baseline conditions and

after 14 days.

(a) (b)

(c) (d)

Figure 1 (a) Syrian golden hamster with an implanted dorsal skinfold chamber (chamber weight approximately 4 g). Within the observation win-

dow (arrow) arterioles, capillaries and venules of the striated skin muscle and subcutaneous tissue can be analyzed using intravital trans- and epi-

illumination microscopy. (b–d) Overview of the observation window after implantation of a small piece of the Ultrapro mesh into the dorsal skin-

fold chamber of a rapamycin (0.08 mg/kg)-treated animal (b). (c) and (d) display the same implant at days 7 and 14 after implantation. Edema

formation (arrow) in direct vicinity to the mesh implant can already be observed macroscopically at day 7 (c) and day 14 (d). However, for a more

detailed visualization of blood vessel development at the implantation site high-resolution intravital fluorescence microscopy has to be performed.

Scale bars: a = 15 mm; b–d = 1.7 mm.
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Measurement of explantation strength

Incorporation of the surgical meshes into the surrounding

host tissue was controlled by measurement of the explan-

tation strength at day 14 after implantation. For this pur-

pose, animals were anesthetized by i.p. injection of

pentobarbital (50 mg/kg body weight), immobilized in a

Plexiglas tube and the dorsal skinfold chamber was fixed

on a Plexiglas stage. Then, the meshes were fixed at two

filaments with 7-0 Prolene sutures connected to a dyna-

mometer and pulling power was increased constantly by

1 cN/mm2/s [10,22]. The force necessary to tear the

meshes out of the surrounding host tissue indicated the

explantation strength (cN/mm2).

Histology

For light microscopy, formalin-fixed specimens of the

dorsal skinfold preparations were embedded in paraffin at

day 14 after mesh implantation. Four-lm-thick sections

were cut and stained with hematoxylin and eosin accord-

ing to standard procedures. Additional sections were

stained with sirius red to detect collagen fibers within the

newly formed granulation tissue surrounding the mesh

implants.

Statistics

After testing the data for normal distribution and equal

variance, differences between the groups were analyzed

by anova followed by the appropriate post hoc compar-

ison. To test for time effects, anova for repeated mea-

sures was applied. This was followed by the paired

Student’s t-test, including correction of the a-error

according to Bonferroni probabilities for repeated mea-

surements (SigmaStat; Jandel Corporation, San Rafael,

CA, USA). All values are expressed as means ± SEM.

Statistical significance was accepted for a P-value of

<0.05.

Results

Whole blood concentrations of rapamycin and CsA

Whole blood concentrations of rapamycin and CsA were

found to be 5 ± 0 lg/l (0.08 mg/kg rapamycin), 120 ±

47 lg/l (1.5 mg/kg rapamycin) and 212 ± 46 lg/l

(20 mg/kg CsA) under baseline conditions as well as

3 ± 0 lg/l (0.08 mg/kg rapamycin), 86 ± 33 lg/l (1.5 mg/

kg rapamycin) and 342 ± 25 lg/l (20 mg/kg CsA) after

14 days. This indicates that immunosuppressive concen-

trations were achieved throughout the whole duration of

the experiments.

Angiogenesis and vascularization

A first angiogenic response to the surgical meshes could be

observed at day 3 after implantation into the dorsal skin-

fold chamber, as indicated by approximately 40% of angio-

genesis positive ROIs in CsA-treated and control hamsters

(Fig. 2a). This angiogenic response was characterized by

the formation of vessel sprouts originating from the host

muscle capillaries and postcapillary venules. During the fol-

lowing days, these sprouts grew into the space between the

mesh fibers, and finally interconnected to each other,

resulting in the development of new microvascular
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Figure 2 Angiogenesis positive ROIs (%) (a), and functional capillary

density of newly formed blood vessels (cm/cm2) (b) in the border zone

of the Ultrapro mesh, as assessed by intravital fluorescence micros-

copy and computer-assisted image analysis before (BL, baseline) as

well as 20 min, 24 h, and 3, 7 and 14 days after implantation into

the dorsal skinfold chamber of CsA-treated (light grey circles) and

rapamycin (dark grey circles: 0.08 mg/kg; black circles: 1.5 mg/kg)-

treated hamsters. Untreated animals (white circles) served as controls.

Mean values ± SEM. +P < 0.05 versus BL; #P < 0.05 versus rapamycin

(0.08 mg/kg)-treated animals at corresponding time points; *P < 0.05

versus rapamycin (1.5 mg/kg)-treated animals at corresponding time

points.
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networks surrounding the mesh implants (Fig. 3a and b).

At day 14, these networks exhibited a functional capillary

density of approximately 110–130 cm/cm2 without any dif-

ferences between the CsA and control group (Fig. 2b). In

contrast, immunosuppressive therapy with rapamycin

dose-dependently inhibited the vascularization process of

the mesh implants. Rapamycin (0.08 mg/kg)-treated ani-

mals presented with only approximately 20% of angiogene-

sis-positive ROIs at day 3 after implantation (Fig. 2a), and

high-dose (1.5 mg/kg)-treated animals showed even 0% of

angiogenesis positive ROIs at the corresponding time point

(Fig. 2a). Although the development of new blood vessels

could also be observed in this group during the further

time course, the angiogenic response to the mesh implants

was found to be extremely poor with a final functional cap-

illary density of the newly formed microvascular networks

of only approximately 12 cm/cm2 (0.08 mg/kg rapamycin)

and approximately 5 cm/cm2 (1.5 mg/kg rapamycin) at

day 14 (Figs 2b and 3c,d).

Leukocyte–endothelial cell interaction

In control animals, the numbers of rolling and adherent

leukocytes were approximately 26 cells/min and 120 cells/

* *

*

**

*

**

(a) (b)

(c) (d)

Figure 3 Intravital fluorescence micro-

scopic images of the Ultrapro mesh at

day 14 after implantation into the dorsal

skinfold chamber of a control hamster

(a) and animals treated with CsA (b),

0.08 mg/kg rapamycin (c) or 1.5 mg/kg

rapamycin (d). The mesh fibers (aster-

isks) of the control (a) and the CsA-trea-

ted animal (b) are surrounded by a

dense network of newly formed micro-

vessels (arrows). In contrast, the granula-

tion tissues around the Ultrapro meshes

of the rapamycin-treated animals (c,d)

exhibit only a few newly formed blood

vessels (arrows). Blue light epi-illumina-

tion with contrast enhancement by 5%

FITC-labeled dextran 150 000 i.v. Scale

bars: 130 lm.

Table 1. Rolling and adherent leukocytes in postcapillary and collecting venules within the border zones of the Ultrapro mesh before (BL, base-

line) as well as 20 min, 24 h, and 3, 7 and 14 days after implantation into control, cyclosporine A (CsA)-treated and rapamycin-treated (Rapa;

0.08 or 1.5 mg/kg) animals.

BL 20 min 24 h 3 days 7 days 14 days

Rolling leukocytes (cells/min)

Control 25.5 ± 2.7*� 26.1 ± 3.6* 41.8 ± 4.0*�� 22.6 ± 1.4 23.7 ± 4.0 16.9 ± 3.1

CsA 20.0 ± 1.5� 15.0 ± 1.2 24.5 ± 6.5 27.1 ± 4.2 21.2 ± 4.3 25.2 ± 8.0

Rapa (0.08 mg/kg) 13.5 ± 1.8 16.4 ± 3.8 17.6 ± 4.8 27.2 ± 7.3 34.2 ± 5.0� 17.4 ± 2.7

Rapa (1.5 mg/kg) 6.6 ± 1.0 10.2 ± 1.7 15.3 ± 1.8 19.1 ± 4.1 17.9 ± 3.0 9.9 ± 4.0

Adherent leukocytes (cells/mm2):

Control 118.4 ± 25.6 240.5 ± 98.1 200.5 ± 46.9 112.2 ± 38.3 72.8 ± 14.6 81.2 ± 30.0

CsA 99.5 ± 21.3 224.9 ± 41.4� 209.0 ± 39.4 98.0 ± 19.5 74.1 ± 24.6 85.0 ± 16.3

Rapa (0.08 mg/kg) 74.9 ± 24.2 211.9 ± 66.4 233.1 ± 45.4� 58.8 ± 15.3 51.5 ± 23.9 120.8 ± 21.0

Rapa (1.5 mg/kg) 85.8 ± 31.4 69.2 ± 12.9 171.2 ± 42.9 94.4 ± 22.5 76.7 ± 28.0 56.3 ± 24.2

Values are given as mean ± SEM.

*P < 0.05 versus rapamycin (0.08 mg/kg)-treated animals at corresponding time points.

�P < 0.05 versus rapamycin (1.5 mg/kg)-treated animals at corresponding time points.

�P < 0.05 versus BL.
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mm2 under baseline conditions. Shortly after mesh

implantation, leukocyte–endothelial cell interaction was

found enhanced, peaking at 24 h with significantly

increased numbers of rolling leukocytes. This leukocytic

response normalized later on to baseline values and

remained constant until the end of the experiments

(Table 1). In contrast, CsA- and rapamycin-treated

hamsters presented with decreased numbers of rolling

leukocytes during the first 24 h of the experiment when

compared with controls (Table 1). This effect was most

pronounced in the group of rapamycin (1.5 mg/kg)-trea-

ted hamsters. Correspondingly, these animals exhibited

also a tendency toward a reduced number of adherent

leukocytes directly after mesh implantation (Table 1).

Between days 3 and 14, however, there were no statistical

differences in leukocyte–endothelial cell interaction

among the three observation groups (Table 1). Besides,

systemic leukocyte counts of rapamycin-treated (0.08 mg/

kg: 6.6 ± 0.6 · 103/ll; 1.5 mg/kg: 8.5 ± 5.7 · 103/ll),

CsA-treated (13.8 ± 3.5 · 103/ll) and control animals

(10.9 ± 2.5 · 103/ll) were comparable under baseline

conditions and did not significantly differ from those

measured at day 14 (0.08 mg/kg rapamycin: 10.3 ± 3.1 ·
103/ll; 1.5 mg/kg rapamycin: 9.8 ± 5.4 · 103/ll; CsA:

11.4 ± 2.8 · 103/ll; control: 9.1 ± 1.3 · 103/ll), indicat-

ing the absence of a systemic inflammatory response.

*
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Figure 4 Histologic cross sections of

the Ultrapro mesh fibers (indicated by

asterisks) at day 14 after implantation

onto the striated muscle tissue (arrow-

heads) within the dorsal skinfold cham-

ber of a control (a,b), a CsA-treated

(c,d), a rapamycin (0.08 mg/kg)-treated

(e,f) and a rapamycin (1.5 mg/kg)-trea-

ted hamster (g,h). Hematoxylin–eosin

staining (a,c,e,g) reveals that in contrast

to the rapamycin-treated animals (e,g),

the meshes of the control (a) and CsA-

treated (b) hamster are surrounded by a

densely vascularized granulation tissue

with many newly formed blood vessels

(arrows). As indicated by sirius red stain-

ing (b,d,f,h), the granulation tissue in

the rapamycin-treated hamsters exhibits

a reduced collagen content (f,h) when

compared with that of the control (b)

and CsA-treated animal (d). Scale bars:

a,c,e,g = 200 lm; b,d,f,h = 100 lm.
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Mesh incorporation

Histologic examinations of the dorsal skinfold chamber

preparations at day 14 after mesh implantation demon-

strated that the Ultrapro meshes were surrounded by a

newly formed granulation tissue in all three experimental

groups (Fig. 4a,c,e and g). However, corresponding to

our intravital microscopic findings, the granulation tissue

in both low-dose and high-dose rapamycin-treated ani-

mals exhibited only a few newly developed blood vessels

when compared with the well-vascularized granulation

tissue of the other two groups (Fig. 4a,c,e and g). More-

over, sirius red staining revealed that the immunosup-

pressant therapy with low-dose and high-dose rapamycin

markedly reduced the amount of collagen fibers in the

granulation tissue (Fig. 4b,d,f and h).

In line with our histologic findings, the measurement

of the explantation strength demonstrated a dose-depen-

dently impaired incorporation of the Ultrapro meshes of

rapamycin-treated animals into the surrounding host tis-

sue with an over 50% and 90% reduced explantation

strength of approximately 3.1 cN/mm2 (0.08 mg/kg rapa-

mycin) and approximately 0.6 cN/mm2 (1.5 mg/kg rapa-

mycin) when compared with that of CsA-treated animals

and controls (approximately 7 cN/mm2) (Fig. 5).

Discussion

In this in vivo study, we could demonstrate that in

contrast to immunosuppressive therapy with CsA, admin-

istration of rapamycin dose-dependently impairs vasculari-

zation and incorporation of implanted surgical meshes.

This result is of major clinical importance considering the

fact that the incidence of incisional hernias following

orthotopic liver transplantation has been reported to be

increasing during the last few years [1]. Our results indi-

cate now that transplant patients should not be treated

with rapamycin during the initial phase after incisional

hernia repair in order to guarantee adequate mesh incor-

poration and, thus, to reduce the risk of recurrence.

Since 1999, rapamycin has been approved by the Uni-

ted States Food and Drug Administration as an immuno-

suppressive drug for the prophylaxis of organ rejection

[23]. In contrast to the calcineurin inhibitors CsA and ta-

crolimus, which interfere with interleukin-2 gene tran-

scription [24,25], rapamycin forms a complex with the

immunophilin FK506 binding protein-12, resulting in the

inhibition of the regulatory kinase mammalian target of

rapamycin [23]. This leads to the arrest of the cell-cycle

at the G1 to S phase. Hence, T-lymphocyte activation and

proliferation as well as antibody production is suppressed

[23]. Thus, rapamycin in combination with other immu-

nosuppressants, such as corticosteroids, may offer the

possibility of withdrawing or avoiding nephrotoxic calci-

neurin-inhibitors in kidney transplantation [26]. Impor-

tantly, besides its effects on the immune system,

rapamycin has also been shown to inhibit tumor growth

[17,27], which makes it attractive for patients undergoing

liver transplantation for hepatocellular carcinoma [2].

However, rapamycin also bears some important disad-

vantages. Several studies reported that rapamycin causes

higher rates of wound complications when compared

with other immunosuppressive drugs [28,29]. This is

because of the fact that rapamycin inhibits angiogenesis

by down-regulation of vascular endothelial growth factor

(VEGF) expression [6]. Accordingly, we could demon-

strate in this study that vascularization of implanted

meshes in hamsters treated with low and high doses of

rapamycin was markedly reduced when compared with

CsA-treated and control animals.

Angiogenesis is a major prerequisite for the rapid forma-

tion of a stable granulation tissue. For instance, Dubay

et al. [30] reported in an experimental study that angiogen-

esis could markedly be accelerated and improved in

abdominal fascial incisions of rats during the first four

postoperative weeks by implanting a sustained-release poly-

mer of basic fibroblast growth factor. Interestingly, this

resulted in a significantly reduced formation of incisional

hernias attributable to an increased stability of the wounds.
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Figure 5 Explantation strength (cN/mm2) at day 14 after implanta-

tion of the Ultrapro mesh into the dorsal skinfold chambers of CsA-

treated and rapamycin (Rapa; 0.08 or 1.5 mg/kg)-treated hamsters.

Untreated animals served as controls. For the measurement, the mesh

was fixed at two filaments with 7-0 Prolene sutures connected to a

dynamometer and pulling power was increased constantly by 1 cN/

mm2/s. The force necessary to tear the mesh out of the surrounding

host tissue indicated the explantation strength. Mean values ± SEM.
#P < 0.05 versus rapamycin (0.08 mg/kg)-treated animals; *P < 0.05

versus rapamycin (1.5 mg/kg)-treated animals.
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Relating to our study, this means that the early angiogenic

response to a surgical mesh could be a critical determinant

for adequate mesh incorporation. Thus, mesh vasculariza-

tion might be an indicator for the prediction of the long-

term outcome of mesh-stabilized abdominal wall defects.

Because it is well known that inflammation is a major

stimulus for angiogenesis [31], we also analyzed leuko-

cyte–endothelial cell interaction in venules located in

direct vicinity to the mesh implants. As reported previ-

ously [10], we could demonstrate that mesh implantation

resulted in a short-term increase of leukocyte–endothelial

cell interaction in control animals. Interestingly, this

could not be observed in animals treated with high doses

of rapamycin, which might be attributable to the fact that

rapamycin has been shown to reduce the expression of

adhesion molecules such as vascular cell adhesion

molecule (VECAM) and P-selectin [32]. However, it is

unlikely that this was the cause for the observed differ-

ences in the vascularization process of the surgical meshes

under analysis, because after 3 days, there were no more

differences in numbers of rolling and adherent leukocytes

among the experimental groups. Moreover, we also

showed a slight reduction in leukocyte rolling in the CsA-

treated group when compared with controls, although

both groups exhibited an identical angiogenic host tissue

response to the mesh implants. Finally, hamsters treated

with only 0.08 mg/kg rapamycin presented with numbers

of adherent leukocytes, which were comparable to those

of the control and CsA group, whereas blood vessel

ingrowth into the mesh implants was significantly inhib-

ited by this low-dose treatment. Therefore, we suggest

that the observed anti-angiogenic effect of rapamycin is

most probably caused by the specific inhibition of

angiogenic growth factors, such as VEGF, and not by the

generalized suppression of inflammatory processes.

Our histologic analyses revealed that besides the inhibi-

tion of angiogenesis, administration of rapamycin resulted

in the reduction of collagen deposition within the granu-

lation tissue surrounding the implanted meshes. Accord-

ingly, mesh incorporation was massively impaired, as

indicated by a significantly decreased explantation

strength at day 14 after implantation when compared

with CsA-treated and control animals. These findings are

in line with earlier studies, reporting a direct inhibitory

effect of rapamycin on the expression of important extra-

cellular matrix proteins, including fibronectin, a-smooth

muscle actin and collagen [33,34]. For this reason, rapa-

mycin has also been suggested as a potential therapeutic

target for the treatment of keloids and excessive scars and

coronary re-stenosis [34,35]. On the other hand, rapamy-

cin might have indirectly suppressed collagen synthesis in

this study by inhibition of nitric oxide (NO). In fact, the

granulation tissue around implanted meshes contains

many macrophages and fibroblasts. These cell types have

been shown to produce NO during wound healing, result-

ing in an increased collagen formation and mechanical

strength of wounds [36,37]. However, Schäffer et al. [6]

recently demonstrated that this mechanism is inhibited by

application of rapamycin. We suggest now that the effects

of rapamycin on extracellular matrix formation do not

only play an important role in wound healing, but also in

cases of biomaterial incorporation and engraftment.

In summary, we could show in the present in vivo

study that immunosuppressive therapy with rapamycin

impairs incorporation of surgical meshes by inhibition of

angiogenesis and collagen synthesis within the newly

developing granulation tissue around the implants. There-

fore, we postulate that immunosuppressed patients should

not be treated with rapamycin in case of incisional hernia

repair by mesh implantation.
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