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Abstract

Background Doxycycline, a nonspecific metalloproteinase
(MMP) inhibitor, has been demonstrated to impact the
strength of the polypropylene (PP) mesh-repaired hernia
with an increase in the deposition of collagen type 1. The
impact of doxycycline with porcine acellular dermal
matrices (PADM) is unknown; therefore, we evaluated the
impact of doxycycline administration upon hernia repair
with PP and PADM mesh.

Methods Sprague-Dawley rats weighing ~400 g under-
went laparotomy with creation of a midline ventral hernia.
After a 27-day recovery, animals were randomly assigned
to four groups of eight and underwent intraperitoneal
underlay hernia repair with either PP or PADM. Groups
were assigned to daily normal saline (S) or daily doxycy-
cline in normal saline 10 mg/kg (D) via oral gavage for
8 weeks beginning 24 h preoperatively. Animals were
euthanized at 8 weeks and underwent tensiometric testing
of the abdominal wall and western blot analyses for col-
lagen subtypes and MMPs.

Results Thirty-two animals underwent successful hernia
creation and repair with either PADM or PP. At 8 weeks,
15 of 16 PP-implanted animals survived with only 12 of 16
PADM-implanted animals surviving. There were no dif-
ferences in the mesh to fascial interface tensiometric
strength between groups. Densitometric counts in the
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PADM-D group demonstrated increased collagen type 1
compared to PP-S (PADM-D [1286.5], PADM-S [906.9],
PP-S [700.4], p = 0.037) and decreased collagen type 3
compared to PP-S (PADM-D [7446.9], PADM-S [8507.6],
PP-S [11,297.1], p = 0.01). MMP-9 levels were increased
in PADM-D (PP-S vs. PADM-D, p = 0.04), while MMP-2
levels were similar between PADM-D and PADM-S,
respectively.

Conclusions Collagen type 1 deposition at the mesh to
fascial interface is enhanced following administration of
doxycycline in ventral hernia repairs with porcine acellular
dermal matrices. Doxycycline administration may have
implications for enhancing hernia repair outcomes using
biologic mesh.

Keywords Hernia - Doxycycline - Collagen - Mesh -
Matrix metalloproteinase

Introduction

The development of an incisional hernia is a predominant
complication associated with laparotomies [1-3]. Of
approximately 2 million laparotomies performed in the
USA annually, 2 to 20 % will develop an incisional ventral
hernia [4-9]. As the hernia progresses, patients may
experience pain or obstruction leading to lost productivity
and decreased quality of life [10]. Medical comorbidities,
including diabetes and smoking, can lead to wound
dehiscence, infection, and complications following
laparotomy [11-13]. Of the patients who choose to undergo
incisional hernia repair, the recurrence rates range widely
from 10 to 50 % with significant morbidity and mortality
[5, 14-17]. Multiple studies have reported a connection
between the occurrence of incisional hernias and abnormal
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collagen metabolism and extracellular matrix diseases
[18, 19].

The main structural component of the extracellular matrix
(ECM) is made of mainly two types of collagen, types 1 and
3.For a stronger ECM, a higher ratio of mature collagen, type
1, to less mature collagen, type 3, is needed [20]. The ratios of
collagen subtypes are influenced by the presence of a type of
endopeptidase enzyme called matrix metalloproteinase
(MMP) [21]. A lower level of MMPs has been shown to be
beneficial in increasing the collagen type 1:3 ratios at the
wound-healing site and thereby promoting the structural
integrity of the ECM at the healing site. Collagenases MMP-
2 and MMP-9 have the ability to cleave collagen once acti-
vated; MMP-2 specifically degrades type 1 collagen in the
early stages of wound healing [22].

Doxycycline is a semisynthetic, chemically modified
tetracycline widely used for its antibacterial properties;
however, by scavenging for reactive oxygen species
(ROS), doxycycline also inhibits the conversion of pro-
MMPs to active MMPs [23, 24]. Previous studies from our
laboratory have reported that doxycycline increased the
strength of repaired fascia in a rat incisional hernia repair
model using a synthetic polypropylene (PP) mesh [25-27].
In these studies, repaired fascia in animals treated with oral
doxycycline had increased levels of type 1 collagen
(thereby raising type 1:3 ratios), greater tensile strength,
and reduced levels of MMP-2, MMP-9, or MMP-3. Levels
of MMP-2 were reduced as early as 4 weeks posttreatment,
therefore reducing the degradation of type 1 collagen.
Additional dose-related trials were performed and pub-
lished in 2015, revealing a medium dosage of doxycycline
(10 mg/kg) is as effective as high dose (30 mg/kg) in
producing a greater than 47 % increase in mesh—fascial
interface (MFI) strength compared to saline controls [27].

Prior studies were conducted using the synthetic
monofilament polypropylene mesh (Davol Inc., Warwick,
RI); however, due to the risk of infection or other adverse
reactions with synthetic mesh, alternative biologic options
have been developed. There are no prior publications
investigating the use of a non-crosslinked biologic mesh
material in the setting of doxycycline administration. We
hypothesized that the biocompatibility of the porcine
acellular dermal matrix (PADM, XenMatrix, Davol Inc.,
Warwick, RI) from which the biological mesh was derived
would enhance abdominal wall fascia in terms of strength
and durability.

Materials and methods
A randomized controlled prospective trial was designed to

evaluate the effects of doxycycline. The animal experi-
mental procedures used in this study were reviewed and
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approved by the Institutional Animal Care and Use Com-
mittee at the University of Kentucky. Thirty-two Sprague—
Dawley Rats weighing approximately 400 g each were
obtained from Harlan Laboratories, (Indianapolis, IN) and
acclimatized for 5 days before undergoing hernia creation
surgery. 27 days after the hernia creation surgery, they
were randomly divided into two groups of 16; one group
received daily doxycycline, and the other received daily
normal saline by gavage.

On the 28th day following hernia creation, rats were
further allocated into repair arms using either a
polypropylene (PP) mesh (n = 16, 8 doxycycline, 8 saline)
or a PADM mesh (n =16, 8 doxycycline, 8 saline)
(Fig. 1). During both the hernia creation and subsequent
mesh repair operations, the animals were maintained on a
4 % inhaled isoflurane, and their abdominal walls were
clipped and prepped with 70 % chlorhexidine. Pain control
after each operation was achieved by a subcutaneous
buprenorphine injection (0.03 mg/100g).

Animal procedures

The hernia creation and repair protocols have been detailed
in prior publications from our laboratory [25-27]. All rats
underwent a hernia creation operation. Under anesthesia,
after prepping the ventral midline area, a 1-cm transverse
incision was made at the level of xyphoid on the skin, and a
full thickness skin flap was made at the avascular prefascial
plane above linea alba. Under direct view, a 4-cm incision
was made along the linea alba to create a full thickness
laparotomy. Then the transverse skin incision was closed in
two layers, the inner layer using a 4-0 PGA suture and
outer layer using either a monofilament nylon suture or
wound clips. An antibiotic ointment was applied on the
area, and the rats were monitored until ambulant and then
for several days for possible complications. All 32 animals
developed a pronounced bulging hernia immediately after
the procedure. After 27 days from surgery, all animals
were started on either a 10 mg/kg doxycycline or normal
saline daily gavage depending on their treatment group
until the end of the experiment.

Survived 8 weeks

e n=7
Saline n=8
=16 PADM - § &
- - n=8 1=
Total Animals
n=32 PP-D

_ — =8
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n=16
| PADMS— D =6
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Fig. 1 A Animal following hernia creation surgery. B Animal
following hernia mesh repair surgery
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On day 28, all animals underwent a second operation: a
hernia repair surgery using one of the two meshes descri-
bed above. The previous transverse surgical site was clip-
ped and prepped, and a 5-cm incision on the skin was made
on the mid-ventral line starting below the xyphoid and
extending caudally. A subcutaneous flap was raised 2 cm
around the incision. The linea alba was incised 4 cm in
length including the defect area to expose peritoneum.
From both sides of this midline incision, 0.5-cm fascia was
excised to enlarge the defect. A 5 x 5 cm mesh was cut,
and the corners smoothed out to an oval shape. The mesh
was implanted on the defect as a bridging underlay with a
1-cm overlap and secured using eight interrupted 4-0 PGA
sutures around the edges of the mesh. The subcutaneous
flaps were brought together and approximated using buried
deep dermal sutures with a 4-0 PGA suture. Wound clips
were applied to approximate the epidermis. The animals
were revived, monitored until ambulant, and maintained on
analgesics for 48 h. They continued receiving doxycycline
or saline daily for 8 weeks.

Following the 8th week, the animals were euthanized
and the abdominal wall was harvested. A 1.5 x 8 cm strip
of the anterior abdominal wall with the mesh en bloc was
isolated to conduct a tesiometric analysis on an Instron
tensiometer. Remaining tissue was processed for patho-
logical and biochemical assays.

Western blotting

All MMP-2, MMP-9, and collagen types 1 and 3 antibodies
used in this study were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). The blotting
procedure was performed as previously described [19]. A
lysis buffer containing detergents and protease inhibitors
were prepared in phosphate-buffered saline and added to
frozen tissue samples (1 part tissue + 4 parts buffer), then
homogenized and centrifuged at 10,000g (10 min) fol-
lowed by 100,000g (20 min). Supernatants were aliquoted
and stored at —80 °C. One aliquot was used for protein
assay using the BCA protocol (Thermo Fisher Scientific
Inc., Rockford, IL USA). The samples were denatured at
95 °C in 2 x gel loading buffer, and 30 micrograms of
protein from each sample was electrophoresed on a mini
gel containing 4 % stacking and 10 % separating gel at
150 V for 1.5 h and then blotted onto PVDF membranes
(Biorad Laboratories, Inc, Hercules, CA, USA) at 100 V
for 1 h. The membranes were then washed and blocked in
5 % non-fat milk in wash buffer for 1 h. After an overnight
4 °C incubation with primary antibody and a 1-h incuba-
tion with secondary antibody, the membranes were washed
three times in washing buffer and the bound antibodies
were visualized using a chemiluminescent detection system
(Pierce, Rockford, IL, USA). The images were quantified

using Image J software (NIH, Bethesda, MD, USA) and
expressed as arbitrary relative densitometry units.

Tensiometric measurements

Tensiometric measurements for abdominal wall strips were
conducted on an Instron E3000 tensiometer (Instron Corp,
Canton, MA, USA) that was equipped with a 250 Newton
load cell. All tensiometric tests were completed within 6 h
of harvesting the tissue. The harvested tissue representing
the mesh—fascia interface (MFI) was shaped into
1.5 cm x 8 cm strips and stored in normal saline kept at
4 °C until testing. Before testing, the tissue strips were
brought to room temperature and loaded into the pneumatic
grips of the Instron. The grips were preloaded with 1 N
tension; the tissue strips were deformed at 10 mm/min until
complete failure of the strip occurred [28].

Masons trichrome

The tissue pieces from the abdominal wall with the
implanted mesh were fixed in 10 % buffered formalin, pro-
cessed into cut 4 pm sections then mounted on glass slides.
After deparaffinizing, they were treated in Bouin’s solution
in the microwave for 15 s and let stand for 2 more minutes.
After washing, the slides were treated with Weigert’s
hematoxylin for 10 min. Slides were then washed in water
after confirming the nuclei are stained blue black. The slides
were treated with Biebrich Scarlet solution for 3 min, then
washed in distilled water and treated with 2 % phospho-
tungstic solution for 10 min. After an additional rinse in
distilled water, slides were stained in 2 % light green solu-
tion for 3 min. They were then re-rinsed in distilled water,
dipped in 1 % acetic acid, dehydrated through ascending
grades of alcohol, cleared in xylene, and mounted in syn-
thetic resin for microscopic analysis as immunoblots.

Statistical analysis

The western blotting quantitation and tensiometric analysis
data from each group were analyzed by ANOVA. The
outcomes were considered significant when the p value was
<0.05.

Results

All 32 animals underwent successful hernia creation
(Fig. 2A) and repair (Fig. 2B) with either PADM or PP. At
8 weeks, 15 of 16 PP-implanted animals survived with
only 12 of 16 PADM-implanted animals surviving (Fig. 1).
Two additional PADM-S animals showed a degraded mesh
material at the time of abdominal wall harvest, which was
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encapsulated; therefore, they were excluded from tensio-
metric analysis.

Both PADM groups exhibited a slightly higher level of
tensiometric strength compared to PP counterparts, but there
were no statistically significant differences in the tensio-
metric strengths of the mesh to fascial interface (Fig. 3).

PADM animals treated with doxycycline demonstrated
increased densitometric counts indicating collagen type 1
deposition (PADM-D 1286.5 vs. PP-S 700.4, p = 0.037)
(Fig. 4). Collagen type 3 levels were decreased in both
groups using PADM mesh; however, animals treated with
doxycycline had a greater reduction in collagen type 3
levels (PADM-D 7446.9, PADM-S 8507.6 vs. PP-S
11,297.1, p = 0.01) (Fig. 5). Increased collagen type 1 in
the setting of decreased collagen type 3 leads to a greater
ratio and strength; however, as stated above, this increase
did not translate to a statistically significant increase in
overall tensiometric values. MMP-2 and MMP-9 levels
were both increased in PADM animals treated with doxy-
cycline; however, only MMP-9 was statistically significant
(PADM-D 5600 vs. PP-S 3495, p = 0.04) (Figs. 6 and 7).
The Trichrome staining analysis showed more compactly
arranged fibrils in the PADM-D group, whereas the fibrils
were loosely arranged in the control group (Fig. 8A, B).

Discussion
In our previous studies we have shown an increased tensile

strength of fascia repaired with PP mesh in animals treated
with doxycycline and a correlation to an increased collagen

Fig. 2 Diagram of treatment
arms with survival at 8 weeks
posthernia repair surgery
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Fig. 3 Results of tensiometric analysis conducted on PP mesh and
PADM mesh-repaired interface tissue from control and treated
animals that have undergone 8-week doxycycline administration

type 1:3 ratio. Previous studies indicated collagen type 1
was increased in doxycycline-treated animals, which might
have contributed to the increased strength of the repaired
fascia in those doxycycline-treated animals [24-26]. In the
present study, our goal was to analyze the effect of same
dose doxycycline on the PADM-implanted fascia in a rat
model of hernia repair. Our biologic mesh group (PADM)
showed an increased basal level of MMP-2 and MMP-9
when compared to the PP control group although it was not
significant. After doxycycline administration, these MMP
levels were found to be higher in all PADM animals.
Higher MMP levels may have been a response to the
immunogenicity of the xenograft itself as both PADM
groups, independent of doxycycline, had elevated levels.
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Debris from de-cellularization process of the xenograft can
react with the host immune system to induce pro-inflam-
matory cytokines, thus elevating MMP levels; this response
can result in graft rejection [29]. Multiple studies have
tested the remodeling effects of non-crosslinked acellular
dermal matrices such as the type used in this study [30, 31].
A study by Sun et al. reported IgG levels elevated by
100-fold in primate studies for the entire 6-month experi-
ment period, indicating a sustained humoral response [30].
We can attribute the encapsulated degraded mesh found in
two of the saline control PADM animals as proof of a host
inflammatory response to the mesh itself. Tensiometric
analysis in these two animals could not be performed due

to the missing mesh fascia interface, which resulted from
mesh encapsulation. The inability to include these animals
in analysis may have contributed to a type 2 error with
dilution of possible statistical significance.

The basic function of a prosthetic mesh is to give
structural support and a regenerative framework by sup-
porting matrix remodeling through collagen deposition and
also acts as a scaffold for tissue reconstruction on the
affected area [32]. The architecture of XenMatrix differs
from the native architecture of porcine dermal ECM due to
changes secondary to manufacturer processing. Following
processing, collagen fibrils and fibers within the PADM
fuse and create the larger pores noted on the mesh [30].

@ Springer



1664

Surg Endosc (2017) 31:1659-1666
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There is an inherent existence of collagen fibers within the
PADM used in this study compared to standard PP mesh;
however, due to differences observed in both the PADM-D
group and PADM-S group, we believe these changes
reflect new collagen deposition rather than reflection of
preexisting fibers.

A significant increase in collagen-1 and a slight decrease
in collagen-3 were observed on the PADM-D-repaired
fascia in our study compared to PADM saline controls. In
the same manner, there was an increase in MMP-2 and
MMP-9 levels over controls. These changes in collagen
type 1:3 ratios may have progressed into a noticeably
stronger fascia if the drug treatment was continued for a
longer duration and/or with a higher dose doxycycline

@ Springer

appropriate for the higher inflammatory response caused by
the PADM. Collagen fibrils assessed with the trichrome
stain showed a more compact arrangement in PADM ani-
mals treated with doxycycline (Fig. 7A), while it was more
loosely arranged in the saline control animals (Fig. 7B).
This may have been caused by more collagen deposition in
the drug-treated animals as evidenced by increased colla-
gen-1 in the treated animal fascia.

The cost of ventral hernia repair remains a significant
challenge with overall financial losses in many procedures,
particularly those involving the use of biologic mesh [33].
As a result, the role of biologic mesh in uncomplicated
hernia repairs has been criticized not only due to cost [34],
but also due to the high rate of hernia recurrence relative to
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Fig. 8 A Cross section of a PADM from a rat treated with
doxycycline showing collagen fibrils arranged more compactly. B
Cross section of a PADM from a rat treated with saline showing
collagen fibrils arranged loosely

synthetic mesh repairs [35]. However, the role of biologic
mesh in contaminated ventral hernia repair is less contro-
versial due to the potential for device infection or need for
removal when implanting permanent mesh in a contami-
nated environment [36]. The use of doxycycline as an
adjunct to ventral hernia repair may impact the value asso-
ciated with biologic mesh hernia repairs, if clinical out-
comes are ultimately improved. Whether the use of
doxycycline results in fewer complications or enhanced
clinical outcomes remains unknown. Our prior work has
demonstrated doxycycline to augment collagen type 1 and
tensiometric strength in polypropylene mesh repairs [25].
This study suggests that the addition of doxycycline to a
porcine dermal matrix ventral hernia repair may impact
collagen type 1 deposition favorably. In light of this evi-
dence, further studies evaluating the impact of perioperative
doxycycline administration upon ventral hernia outcomes
are needed. We feel that the use of pharmacotherapy as an
adjunct to ventral hernia repair represents an interesting and

innovative approach with the potential to improve outcomes
through the alteration of collagen deposition.

In conclusion, doxycycline administration improved
collagen type 1 deposition in porcine acellular dermal
matrix hernia repairs. This may have implications for
impacting mesh design, hernia repair techniques, postop-
erative drug therapy, etc. Further studies with a longer
duration are needed to determine the degree of ingrowth
and remodeling that occurs to the ECM.
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