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Abstract

Background Ventral hernia is a commonly occurring
surgical problem. Our earlier studies have shown that a
30 mg/kg dose of doxycycline can significantly impact the
strength of polypropylene (PP) mesh in a rat hernia repair
model at 6 and 12 weeks. The objective of the present
study was to investigate the dose dependence of doxycy-
cline treatment on hernia repair strengths in rats.

Study design Fifty-six Sprague-Dawley rats underwent
hernia repair with either PP mesh (n = 28) or sutures only
(primary; n = 28); both groups were further divided into
four doxycycline groups of seven animals each: control
(0 mg/kg), low (3 mg/kg), medium (10 mg/kg), and high
(30 mg/kg). One day before hernia repair surgery, animals
received doxycycline doses by gavage and continued
receiving daily until euthanasia. After 8 weeks, rats were
euthanized and tissue samples from hernia repaired area
were collected and analyzed for tensile strength using a
tensiometer (Instron, Canton, MA, USA), while MMPs 2,
3, and 9, and collagen type 1 and 3 were analyzed by
western blotting.

Results In mesh-repaired animals, medium and high
doxycycline dose repaired mesh fascia interface (MFI)
showed significant increase in tensile strength when com-
pared to control. In the primary repaired animals, there was
no significant difference in MFI tensile strength in any dose
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group. In medium-dose MFI, there was a significant
reduction in MMPs 2, 3, and 9. In this animal group, MFI
showed significant increase in collagen 1 and significant
reduction in collagen type 3 when compared to control.
Conclusion 1t is possible to improve the strength of mesh-
repaired tissue by administering a significantly lower dose
of the drug, which has implications for translation of the
findings.

Keywords Extracellular matrix - Doxycycline - Matrix
metalloproteinase - Hernia repair

Ventral hernias are one of the leading surgical problems in
the USA. Approximately 100,000 ventral hernia repairs are
performed every year in the USA [1]. Incision hernias
affect 11 % of all abdominal wall surgeries and have up to
50 % recurrence rates [1, 2]. This high rate of recurrence is
a persisting problem causing a high rate of morbidity and
mortality [3-7].

Many studies have found a link that connects the inci-
sional hernias to impaired collagen metabolism [8, 9]. Col-
lagen, primarily types 1 and 3, is one of the main structural
components of extracellular matrix (ECM) in the abdominal
wall. For a stronger abdominal wall, the ECM needs to
contain a higher ratio of the more mature collagen type 1 to
collagen type 3 [9]. An important factor affecting the levels
of collagen subtypes in the ECM is the presence of
endopeptidases called matrix metalloproteinases (MMPs)
[10]. Levels of MMPs that can affect the collagen type 1-3
equilibrium can be an important factor in determining the
collagen 1-3 ratio in the ECM and thereby the strength of
the abdominal wall. Therefore, a lower level of MMPs could
be more beneficial for a stronger abdominal wall.

Tetracyclines and their derivatives have been shown to
inhibit MMPs, an activity that is independent of their
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antibiotic properties [10, 11]. In particular, the chemically
modified derivative doxycycline has wide spectrum
antibiotic and MMP inhibitory properties. Our previous
studies have shown that doxycycline administration inhi-
bits MMP levels in the repaired fascial interface of doxy-
cycline-treated rats, leading to a stronger repaired fascia
after 4, 6, and 12 weeks of treatment [12, 13]. Our previous
studies, however, used a doxycycline dose that was almost
10 times more than an average adult human dose (3.5 mg/
kg). Therefore, the objective of the present 8-week study
was to investigate the dose dependence of doxycycline
treatment on hernia repair strengths in rats.

Methods
Animal methodology

The experimental protocol used in this animal study was
reviewed and approved by the Institutional Animal Care
and Use Committee of the University of Kentucky. Fifty-
six male Sprague-Dawley rats weighing ~400 g were
obtained from Harlan Laboratories (Indianapolis, IN),
acclimatized for 5 days, and randomly assigned to one of
two groups. For group 1 (n = 28), hernias were repaired
with a monofilament polypropylene mesh (Davol Inc.,
Warwic, RI), while for group 2 (n = 28), hernia repair
used sutures only (primary repair). Each group was further
divided into four doxycycline groups (n = 7 each): control
(0 mg/kg), low (3 mg/kg), medium (10 mg/kg), and high
(30 mg/kg). One day before the hernia mesh implantation
or primary repair surgery, animals received doxycycline
doses as above by gavage, and they continued receiving the
drug daily throughout the study. Oral administration of
doxycycline was chosen as this would be the most easy to
replicate in clinical trials. Also, topical administration
would be limited in its duration, and IV administration
would be challenging for prolonged periods of time. Before
the implant or primary repair surgery, all animals were
given a general anesthesia with inhaled 4 % isoflurane, and
they were prepped for surgery by clipping and applying a
70 % chlorhexidine to the surgical area. Post-surgery
analgesia was obtained by a subcutaneous buprenorphine
injection (0.03 mg/kg) every 12 h. After 8 weeks, rats
were euthanized, and tissue samples from hernia repaired
area were collected and analyzed for tensile strength using
a tensiometer (Instron, Canton, MA, USA), while MMPs
and collagens were analyzed by western blotting.

Animal surgical procedures

We used a single-step ventral defect creation/mesh implan-
tation procedure for the mesh-repaired group. A 5-cm

incision was made on the skin at the midline of the abdomen
and extended the incision cranially and caudally. The skin
was lifted up and raised 2 cm circumferentially from the
body wall on either side of the linea alba. Then lifting up the
linea alba, a vertical incision was made along the linea alba
for 4 cm, and a 0.5-cm flap of the body wall was removed
from both sides of the incision to make a defect. In the
mesh-implanted group, a 3 cm x 4cm piece of
polypropylene mesh was cut, corners smoothed and placed
under the body wall as an underlay with 1-cm overlap on to
the native abdominal wall beyond the hernia defect. It was
anchored to the abdominal wall using eight interrupted 4-0
vicryl stitches on the periphery of the mesh. In the primary
repaired group, the created defect was closed by a running
4-0 vicryl suture. After the mesh or primary repair, the skin
was closed in two layers: The subcutaneous layer was closed
using a vicryl 4-0 interrupted suture, while the skin layer
was closed with either wound clips or an interrupted
monofilament 4-0 nylon suture. Triple antibiotic ointment
was placed on the incision, and the animals were revived
from anesthesia and observed until ambulant.

After the eighth week, animals were euthanized by CO,
asphyxiation and their abdominal wall tissues harvested.
One half of the tissue was used for tensiometric analysis;
one quarter was fixed in 4 % formalin, and one quarter was
snap-frozen in liquid nitrogen for biochemical analysis.

Western blotting

Antibodies for MMPs (2, 3, and 9), collagens (types 1 and
3), and tissue inhibitors of metalloproteinases 1, 2, and 3
(TIMPs) were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). The blotting procedure was
performed as previously described [12]. A lysis buffer
containing 1 % Nonidet P-40, 0.1 % sodium dodecyl sul-
fate, 0.1 mg/mL phenylmethylsulfonyl fluoride, 2 mg/mL
aprotinin, 2 mg/mL leupeptin, 2 mg/mL pepstatin A, and
1x phosphate-buffered saline (PBS) was added to the
frozen abdominal wall samples (1 part tissue + 4 parts
buffer) and homogenized. Homogenates were centrifuged
at 10,000¢ for 20 min and supernatants centrifuged again at
100,000g for 20 min. The supernatants were again col-
lected, aliquoted, and stored at —80 °C. One aliquot was
used for assaying the protein content using the BCA Pro-
tein Assay (Thermo Fisher Scientific Inc., Rockford, IL,
USA). The samples were denatured by boiling for 5 min
with 2x gel loading buffer (17.3 % glycerol, 1.25 M B-
mercaptoethanol, 5.2 % sodium dodecyl sulfate, 0.22 M
Tris, pH 6.8, and 1-2 mg bromophenol blue). Thirty
micrograms of protein from each sample was elec-
trophoresed on a mini gel containing a 4 % stacking gel
and 8.5 % separating gel at 175 V for 1 h and then elec-
troblotted onto polyvinylidene difluoride membranes (Bio-
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Rad Laboratories, Inc, Hercules, CA, USA) at 100 V for
1 h. The membranes were then incubated for 1 h in a
blocking buffer (5 % fat-free dry instant powdered milk,
1 mM Tris-base, 15 mM sodium chloride, and 0.05 %
Tween-20) at room temperature with shaking, followed by
primary and secondary antibodies diluted in blocking
buffer for 1 h each at room temperature with shaking. After
primary and secondary antibody incubations, the mem-
branes were washed 3x with washing buffer (1 mM Tris-
base, 15 mM sodium chloride, and 0.05 % Tween-20). A
chemiluminescent detection kit (Pierce, Rockford, IL,
USA) was used to detect the antibodies bound to the
membrane, and the images were quantified using ImageJ
software (NIH, Bethesda, MD, USA).

Tensiometric analysis

The abdominal wall with the mesh-repaired area was tested
for its tensile strength on an Instron E3000 tensiometer
(Instron Corp, Canton, MA, USA) equipped with a 250-N
load cell. The tissues were tested within 6 h of harvest after
warming from 4 °C to room temperature. The tissue from
the repaired area was cut into 4 cm long x 1.5 cm wide
strips with the repaired area in the middle of the specimen
and subsequently loaded onto the machine using pneumatic
grips with ~ 20 1b pressure. The crosshead speed was set to
10 mm/min, and the tissues were loaded in tension until
complete failure [14]. The displacement and load data were
analyzed using Instron Bluehill software.

Statistical analysis

The data from the western blotting quantitation and ten-
siometric analysis were analyzed by ANOVA. The results
were considered statistically significant when the P value
was <0.05.

Results

For both the medium (10 mg/kg) and high (30 mg/kg)
doxycycline doses, the mesh fascia interface (MFI) showed
a significant increase in tensile strength (P < 0.05),
47-61 % greater, when compared to control animals
(Figs. 1, 2). In the primary repaired animals, there was no
significant difference in MFI tensile strength in all dosage
groups (Fig. 1).

In our previous studies [12, 13], we used the high-dose
(30 mg/kg) doxycycline treatment to study its effect on the
mesh fascial interface. The current study analyzes the
medium-dose group that showed a remarkable increase in
the tensile strength of the MFI. In the medium-dose animal
group, the MFI showed a marked increase in collagen 1 and
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Fig. 1 Results of tensiometric analysis conducted on primary and
mesh-repaired interface tissue from control and treated animals that
have undergone 8-week doxycycline administration
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Fig. 2 Side-by-side comparison of tensile strength in MFI of control
and doxycycline-treated animal groups

a significant reduction in collagen type 3 when compared to
control MFI (Figs. 3, 4). In the medium-dose MFI, there
was a significant reduction in MMPs 2 and 9 but the
reduction was not significant for MMP 3 (Figs. 5, 6, 7). In
the medium-dose doxycycline group, the MFI tissue also
showed an increase in TIMP-1 (Fig. 8).

Discussion

Tetracyclines have been shown to have diverse biological
properties such as anticancer, antiparasitic, and antimalar-
ial [15-17]. They are also found to be active in inhibiting
biological enzymes including MMPs and scavenging of
reactive oxygen species (ROS) [18, 19]. Wound sites are
known to recruit polymorphonuclear neutrophils (PMNs)
in the healing process, and they produce ROS that can
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Fig. 3 A Immunoblots of collagen type 1 in treated and untreated rat
MFI quantified using Image-J; B Immunoblots of collagen type 1 in
treated and untreated rat MFI
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Fig. 4 A Immunoblots of collagen type 3 in treated and untreated rat
MFI quantified using Image-J; B Immunoblots of collagen type 3 in
treated and untreated rat MFI

induce even more MMP production [20]. The elevated
MMP levels at the wound healing sites are known to
destroy ECM [21-24]. Doxycycline has been shown to act
as a ROS scavenger that can reduce the MMP levels by
inhibiting the synthesis and activation of pro MMPs [25].
The mechanism of doxycycline-mediated prevention of
ECM degradation has been shown to occur via three dif-
ferent pathways: (1) inhibiting active and pro MMPs, (2)
down-regulation of MMP expression, and (3) protecting
the host defense protein a-1 antitrypsin [24, 26].

Fig. 5 A Immunoblots of MMP 2 in treated and untreated rat MFI
quantified using Image-J; B Immunoblots of MMP 2 in treated and
untreated rat MFI
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Fig. 6 A Immunoblots of MMP 3 in treated and untreated rat MFI
quantified using Image-J; B Immunoblots of MMP 3 in treated and
untreated rat MFI

In our previous studies, we demonstrated increased
strength of the MFI in the doxycycline-treated animals [12,
13]. Treated animals also showed reduced MMP levels and
an increased ratio of collagen type 1-3. This may be a
direct result of the protective effects of doxycycline by
blocking the MMP 2 activity by the three pathways men-
tioned above and thus preventing the degradation of col-
lagen type 1. In the earlier studies, we used a doxycycline
dose of 30 mg/kg that was considered to be a very high
dose in terms of human dosing (~3.5 mg/kg). Thus, we
sought to determine whether a lower dose could also be

@ Springer



2020

Surg Endosc (2016) 30:2016-2021

A 5000
& 40004
€
E]
o
o
£ 3000
£
o
£
S
=
@ 2000
o
o
P=0.00311
1000 4 *
T
0 S N
Doxycycline
B Control Doxycycline

MMP-9

v .
Bl e .

Fig. 7 A Immunoblots of MMP 9 in treated and untreated rat MFI
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Fig. 8 A Immunoblots of TIMP-1 in treated and untreated rat MFI
quantified using Image-J; B Immunoblots of TIMP-1 in treated and
untreated rat MFI

effective in increasing the fascial strength of the repaired
hernia by reducing the MMP-mediated destruction of
mature collagen 1 and thereby augmenting the repair. In
the present study, we found that a lower dose of 3.5 mg/kg
did not increase the repair strength, but at 10 mg/kg the
doxycycline administration significantly increased the
tensile strength of the MFI. Further, the MFI in these
treated rats showed an increase in the collagen 1-3 ratio,
similar to the higher-dose (30 mg/kg) doxycycline group.
Also, we saw the same reduced levels of MMPs 2, 3, and 9

@ Springer

in the MFI of medium-dose (10 mg/kg) animals as seen
previously in high-dose animals [12, 13]. In examining the
role of TIMPs in affecting properties of the MFI, we
observed a marked increase in TIMP-1 in the doxycycline-
treated MFI. Although there was no change in TIMPs 2 or
3, TIMPs 1 and 2 are known to be involved in the regu-
lation of MMPs 2 and 9, and they are also implicated in
inflammation, suppression of apoptosis, and cell prolifer-
ation [27, 28]. The connection between up-regulation of
TIMP-1 and the doxycycline administration is not known
and needs to be investigated further.

Dosage effect of doxycycline administration on MMPs
has been reported previously in studies related to MMP 2
inhibition in a 2K1C hypertensive rat model [29]. In that
study, MMP 2 was shown to be dose dependently inhibited
by doxycycline, resulting in downstream changes in the
vascular function and structure. One of the main substrates
of MMP 2 is collagen type 1, which is a more mature form
of collagen in the ECM [30]. In the present study, we
noticed that a lower dose pf 3.5 mg/kg did not produce any
gain in fascial strength, but a 10 mg/kg dose produced a
greater than 47 % increase in fascial strength in repaired
fascia. A further increase in dosage (30 mg/kg) did not
result in additional increase in MFI strength, but the gain in
fascial strength remained significant when compared to
control fascia. This finding about the effectiveness of
lower-dose doxycycline (10 mg/kg) in increasing the fas-
cial strength may have potential implications in applying
this low-dose doxycycline effect in a long-term doxycy-
cline application with reduced adverse side effects from the
drug when compared to higher doses we used in our pre-
vious studies [12, 13].

Since we have already shown that doxycycline admin-
istration increased the tensile strength of the MFI in the
mesh hernia repair, we also investigated whether this drug
is effective in increasing the tensile strength of the primary
hernia repair. In the current study, we did not find any
difference between the primary repaired control group and
the three doxycycline groups. This may be because of the
differences in the repair process in the primary and the
bridged mesh hernia repair. In the primary repair, there is
less regenerated tissue in the repaired area when compared
to the bridged mesh-repaired facial interface. Because of
this, the ratio of collagen type 1 to 3 may not undergo
significant changes after the repair process, resulting in less
change in collagen type 1 to 3 ratio in the MFIL.

Conclusion
The current study shows that doxycycline administration

dose dependently influences the MFI tissue strength fol-
lowing hernia repair with mesh by altering MMP levels
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and, consequently, the ratio of collagen 1-3. Tissue from
animals with primary repair was unaffected, however.
Overall, these results demonstrate that it is possible to
improve the strength of the mesh-repaired tissue by
administering a significantly lower dose of the drug, which
has implications for translation of the findings.
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