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Summary
In the context of tendon and ligament repair, mechanical loading and the presence of joint
synovial fluid are known to profoundly influence the form and function of the repair tissue and
potentially the host response to biomaterials. Previously we demonstrated that a xenograft extra
cellular matrix (ECM) scaffold implanted in the rat shoulder elicited a unique host response from
that seen in the body wall. However, the host response to xenografts implanted in shoulders with a
tendon/capsule injury was not different from xenografts implanted in shoulders with no injury. In
the current study, we hypothesized that varying clinically relevant surgical and environmental
factors would introduce significant differences in host response to xenograft implantation at the
shoulder. Contrary to our hypothesis, we found no significant differences in host response between
any shoulder implantation conditions or between shoulder and body wall implantation in the rat
model. These findings suggest that there is no advantage to using an orthotopic shoulder model to
investigate the host response to rotator cuff scaffold materials in the rat model, and due to the
insensitivity of its host response to various clinically relevant surgical conditions, may suggest that
the rat does not provide a surrogate for directly translating the host response to biomaterials to the
human application.
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Introduction
Via their natural composition, 3D structure, and/or remodeling byproducts, ECM scaffolds
are believed to provide a chemically and structurally instructive environment for host cells,
thus improving the biology of repair healing1–3. The host response and remodeling of ECM
scaffolds were investigated using subcutaneous 4–7 or abdominal wall 8–11 implantation
models. Although these evaluations did not necessarily take place at the intended site of
clinical application, it is assumed that they allowed for fundamental evaluation of material-
tissue interactions. In the context of tendon and ligament repair, however, mechanical
loading 12–14 and the presence of joint synovial fluid15, 16 are known to profoundly
influence the form and function of the repair tissue and potentially the host response to

Address correspondence to Kathleen Derwin Ph. D., Department of Biomedical Engineering, ND20, Cleveland Clinic, 9500 Euclid
Ave, Cleveland, OH 44195. Phone: (216) 445-5982, Fax: (216) 444-9198, derwink@ccf.org.

NIH Public Access
Author Manuscript
J Orthop Res. Author manuscript; available in PMC 2013 November 01.

Published in final edited form as:
J Orthop Res. 2012 November ; 30(11): 1725–1731. doi:10.1002/jor.22149.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biomaterials. While ECM scaffolds are used for tendon and ligament repair in human
patients17, 18, the host response and remodeling of ECM scaffolds have only been minimally
investigated in tendon and ligament sites.19–22

In our previous study22, we compared the host response to a xenograft ECM scaffold among
various implantation sites and injury conditions in a rat model, examining the expression of
several pro-inflammatory and pro-remodeling genes identified in previous musculoskeletal
injury and treatment models4, 8, 23–27. We showed that at 28 days a xenograft implanted in
the rat shoulder elicited a unique host response from that seen in the body wall22. However,
we were unable to demonstrate an expected difference in the host response to xenografts
implanted in shoulders with a tendon/capsule injury compared to shoulders with no injury.
Therefore, we questioned whether the difference in host response between the shoulder and
body wall was the result of artifact introduced by the surgical procedures used for the
repairs. For example, the shoulder grafts were about twice the size of the capsule and tendon
defect, thus differences in host response due to the presence of the injury may have been
masked. Further, portions of the grafts that were outside of the suture attachment point and
thus incapable of experiencing any tensile loads were included in the gene analysis. As well,
the humeral bone tunnel was disproportionately larger than in a human undergoing rotator
cuff repair; therefore, any influence of bone healing on the host response to the graft have
may been exaggerated22.

Hence, the primary objective of the current study was to assess if more clinically relevant
surgical factors influence the host response to xenograft implantation in the shoulder (e.g.,
bony fixation, mechanical load, and/or synovial fluid). We also examined the extent to
which environmental factors (e.g., subcutaneous fascia defect vs. muscle pocket
implantation site) influence the host response to xenograft implantation in the body wall.
Finally, we investigated whether the more clinically relevant xenograft implantation in
shoulders elicits a unique host response from that seen in the body wall as shown
previously22. We hypothesized that varying clinically relevant surgical and environmental
factors will introduce significant differences in host response to xenograft implantation at
the shoulder and at the body wall. We further hypothesized that the host response to
xenograft implantation will be significantly different between the shoulder and body wall,
for at least some of the surgical conditions investigated.

Methods
Study Design

16 male Lewis rats (retired breeders, > 400 g) were used. Each rat underwent xenograft
implantation in both shoulders. A full factorial study design was used for the 4 shoulder
surgical models (Table 1, n = 8/experimental group). 11 of the rats were also randomly
assigned to receive two xenograft implants in the lumbar region (Table 1). Rats were
euthanized at 28 days, and samples harvested and analyzed for the expression of 16 host
response genes and 10 matrix-related genes (Table 2).

Human Fascia Xenografts
54 fascia lata implants (0.5 × 0.5 cm) were obtained from 2 human donors (Table 1). The
fascia was processed similarly to the antibiotic only treatment method (“ABX”) described
previously, in which processed fascia lata demonstrated minimal genetic material and
minimal inter-donor variability in biochemical or mechanical properties28. All grafts within
a given rat were derived from fascia from the same human donor.
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Surgical Procedure
Surgical procedures were approved by the IACUC at the Cleveland Clinic. For bilateral
shoulder implantation, via a posterior skin incision and following acromionectomy, a fascia
xenograft was attached to the supraspinatus and infraspinatus at the myotendinous junction
with two 5-0 Prolene (Ethicon Inc., Somerville, NJ) mattress sutures. In the bone tunnel, no
injury group (Table 1, Group 1), the graft was tied to the humerus via a transosseous tunnel
with a 5-0 Prolene mattress suture22. In shoulders designated for the capsule/tendon defect
(Table 1, Groups 3, 4), the supraspinatus and infraspinatus tendons were released from the
humerus and both the tendons and underlying capsule were excised. In the bone anchor
groups (Table 1, Groups 2, 3, 4), a customized stainless steel eye bolt (T2M-3005, Scale
Hardware, Ft. Lauderdale, FL) was inserted into the humerus just lateral to the apex of the
tendons’ insertion sites, and the xenograft was tied through the eyelet of the bolt with a 5-0
Prolene mattress suture (Fig. 1). In shoulders designated for no tension (Table 1, Group 4),
the 5-0 Prolene suture was run through the islet of the anchor, and tied with ~5 to 7 mm
additional length. In all shoulders, the overlying muscles were approximated with single
figure of eight 4-0 Vicryl (Ethicon Inc) suture and the skin closed with staples.

For lumbar wall implantation, a single 3 cm dorsal midline incision was made in the skin,
and the areolar layer was detached from the spinal processes. For the subcutaneous fascia
defect with overlay implantation (Table 1, Group 5), a full-thickness 0.5 × 0.5 cm fascial
defect was created in the lumbar fascia without violating the underlying paraspinal muscles.
A fascia xenograft was secured into the defect at its corners using 5-0 Prolene simple
sutures. For muscle pocket implantation (Table 1, Group 6), an incision was made in the
lumbar fascia on the contralateral side. The underlying muscle layers were bluntly dissected,
and a fascia xenograft was laid flat into the muscle pocket and sutured to the overlying
paraspinal muscles with a 5-0 Prolene mattress suture. The lumbar fascia was then closed
with two simple interrupted 5-0 Prolene sutures. The aereolar layer was subsequently closed
with continuous 4-0 Vicryl suture, and the skin closed with staples.

Rats were euthanized (n=16) at 28 days, and the xenografts harvested and placed
immediately in Trizol (Ambion, Carlsbad CA) at 4°C for gene expression analysis.

RNA Harvest and RT-PCR
Tissue samples were processed as described previously22, 29. All genes were measured in
triplicate using SYBR® GreenER™ qPCR SuperMix (ABI, Foster City, CA) on a ABI-7500
Real Time PCR System (ABI). The primer sets for all experimental genes were published
previously22. We utilized 18S as a housekeeping gene (Forward primer:
GCTGGAATTACCGCGGCGGCTGCTG; Reverse primer:
CGGCTACCACATCCAAGGAAGGCA). A universal quantitation standard, genomic
lambda DNA (New England Biolabs Inc., Ipswich, MA) (Forward primer:
TACCGGCGCGACGATGATGC; Reverse primer: GGTCCCGGCACCTTTCACCG) was
included on each plate.

The Linear Regression of Efficiency (LRE) method uses the 4-parameter sigmoid function
to model PCR amplification. Then based on the linear relationship between amplification
rate and amplicon quantity, quantification is accomplished using linear regression analysis.
Using a universal standard (lambda genomic DNA) to calculate an optical calibration factor
allows for calculation of absolute copy number without the need for standard curves30–32.

Individual amplification curves were analyzed via the LRE analysis method30–32 using a
custom MatLab code (http://www.mathworks.com/matlabcentral/fileexchange/35174-lre-
analysis-of-real-time-pcr-data) to calculate copy number as follows. For every amplification
curve, the cycle fluorescence (FC) values were used to calculate the efficiency at each cycle
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(EC) according to the equation: . An LRE window was then defined, to start
in the linear phase of the amplification curve and end where the plot of cycle efficiency
versus cycle fluorescence was no longer linear (r2 < 0.85). For each point within the LRE
window, the fluorescence at cycle zero (F0) was predicted with a kinetic-based sigmoid
model31 and then averaged to give a F0 for the curve. The F0 for each genomic Lambda
DNA curve, its quantity (0.1 nanograms per reaction), and the amplicon size (AS), were
used to calculate an optical calibration factor (OCF) for each curve using the equation:

 and the triplicates averaged to give
an OCF for the plate. The F0 for each experimental curve was then converted to copy
number using the plate OCF, and the triplicates averaged to give a sample copy number.
Samples with undetectable gene expression were assigned a copy number 10-fold lower than
the lowest measured value for a given gene. All sample copy numbers were divided by their
respective 18S copy number to give a normalized copy number for each sample.

Statistical Analysis
Normalized copy numbers were natural log (ln) transformed to correct for the skew of their
distributions. To account for the rat-to-rat variability, a two factor ANOVA was used with
rat as a random factor. A Bonferroni adjustment for multiple comparison was made such that
a p-value of 0.002 (0.05/26 genes evaluated) for the gene expression analysis was
considered significant. Where ANOVA showed significant differences (i.e., p < 0.002), a
Tukey HSD post hoc test (p = 0.05) was used to identify differences between experimental
groups. JMP Pro 9 software (SAS Institute Inc.) was used for statistical analysis.

Results
Current Study

All animals tolerated the surgeries well and recovered without complication. At 28 days, no
significant differences were detected in the expression of any gene between any of the
shoulder implantation models: (1) no injury, bone tunnel, tension, (2) no injury, bone
anchor, tension, (3) injury, bone anchor, tension, and (4) injury, bone anchor, no tension.
Similarly, no significant differences were found between the body wall implantation models:
(5) lumbar fascia defect, overlay and (6) lumbar muscle pocket. Data were therefore reduced
to two groups: shoulder xenografts (1, 2, 3, and 4) and body wall xenografts (5 and 6). No
significant differences were found in the expression of any pro-inflammatory, pro-
remodeling, ECM/tendon or ECM catabolic gene between the shoulder xenografts and body
wall xenografts (Table 2).

Comparison to Previous Study—The findings of this study contradict those of our
previous study where xenograft implantation in the rat shoulder elicited a unique host
response from that seen in the body wall at 28 days22. Hence we reanalyzed the gene
expression data from the previous study according to the LRE method to allow for direct
comparison to this study. An average of the optical calibration factors from all plates in the
current study (n = 55) was used in the re-analysis. Only where significant differences in the
re-analyzed data existed was the gene expression data plotted along with the corresponding
data from the current study (Fig. 2).

In the previous study, 6 of 9 pro-inflammatory genes (IL-1α, IL-1β, IL-6, IL-18, iNOS,
TNFα) demonstrated significantly higher expression levels in the shoulder xenografts than
in the body wall xenografts22. Upon LRE reanalysis, IL-18 was the only pro-inflammatory
gene whose expression remained significantly higher in the shoulder xenografts than the
body wall xenografts (Fig. 2).
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In the previous study, 3 of 7 pro-remodeling genes demonstrated significantly different
expression levels in the shoulder xenografts than in the body wall xenografts (IL-1ra and
TGFβ higher, and IL-5 lower)22. Upon LRE analysis, the expression of two of these (IL-1ra,
TGFβ) remained significantly higher in shoulder xenografts than in the body wall xenografts
(Fig. 1). IL-5 expression levels were no longer different; however, upon reanalysis IL-4 was
found to be expressed significantly lower in shoulder xenografts than in body wall
xenografts (Fig. 2).

In the previous study, 2 of 6 ECM/tendon genes (SCX, TNMD) demonstrated significantly
higher expression levels in the shoulder xenografts than in the body wall xenografts22. Upon
LRE analysis, no differences in ECM/tendon gene expression were found between the
shoulder xenografts and the body wall xenografts.

In the previous study, 2 of 4 ECM catabolic genes (Cat K, MMP3) demonstrated
significantly higher expression levels in the shoulder xenografts than in the body wall
xenografts22. Upon LRE analysis, neither of these genes had expression levels significantly
different between the shoulder xenografts and the body wall xenografts, however, another
ECM catabolic gene (MMP2) was found to be significantly lower in the shoulder xenografts
than in the body wall xenografts (Fig. 2).

Discussion
In our previous work with this animal model, we did not detect an expected difference in the
host response to xenografts implanted in shoulders with a tendon/capsule injury compared to
shoulders with no injury. We questioned whether these findings were the result of artifact
introduced by the surgical procedures and designed the current study to assess if more
clinically relevant surgical and environmental factors would influence the host response to
xenograft implantation in the shoulder or the body wall. Contrary to our hypothesis,
variations in clinically relevant surgical factors in the shoulder (e.g., bony fixation,
mechanical load, and/or synovial fluid) or body wall (e.g., subcutaneous or muscle
surrounding tissue) did not result in differences in host response at these sites for any of the
genes evaluated. Furthermore, no differences in host response to xenograft implantation
were found between the shoulder and body wall sites, even though 14 of 26 genes were
found to be different between shoulder and body wall previously22.

Because differences in host response were observed between the shoulder and body wall
sites in the previous study and not in the current study, we reanalyzed the previous gene
expression data according to the methods of the current study in an attempt to reconcile the
disparate findings. The LRE method calculates the reaction efficiency for each amplification
curve individually. Thus, unlike the previously used standard curve method, LRE accounts
for PCR efficiency differences between samples, or between samples and the standard curve
itself. Furthermore, the LRE method allows for detection of gene expression values at high
cycle numbers that fall below the standard curve and are considered undetectable using the
standard curve method. Specifically, 347 of 792 analyses were defined as undetectable
previously whereas only 117 of 792 analyses were assigned an undetectable gene expression
value upon reanalysis by LRE. Having far fewer undetected values after reanalysis reduced
skew and increased the mean gene expression level for several genes. Further, to match the
current study, only the shoulder and body wall groups from the previous study (two groups)
were statistically compared in the ANOVA. The consequence of both LRE and statistical
reanalysis of the previous data reduced the number of significantly different genes between
shoulder and body wall from 14 of 26 in the previous study to 5 of 26 after reanalysis.
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Reanalysis of the previous data brings the findings of the previous and current studies into
much greater agreement. The 5 genes that remain different between shoulder and body wall
from the previous study even after reanalysis (IL-18, IL-1ra, TGFβ, Il-4 and MMP2) may
represent real differences between the sites unique to the previous study. For instance, in the
previous study only, the amount of suture used for fixation relative to the size of the graft
was less for body wall xenografts than for shoulder xenografts, possibly explaining the
modest differences in gene expression profile between the two sites. Because many
cytokines are temporally expressed4, 8, 23–27, interpretation of these gene expression
differences would require repeating the study under the same conditions with various time
points, prospective LRE analysis, and additional histologic, immunologic and functional
outcome measures. However, our confidence in the results from the current study that
showed no differences in the expression of any gene between the shoulder and body wall
xenografts is strengthened by noting that even if adjustment for multiple comparisons was
not made and a p-value of 0.05 was used for the ANOVA, there were still no significant
differences between shoulder and body wall sites for any of the 26 genes analyzed. Hence
the reanalyzed previous data taken together with the current data lead us to conclude that
differences in host response to xenograft implantation between the shoulder and body wall
are negligible in the rat model utilized in this study.

This study demonstrates some of the challenges of real time PCR analysis and underscores
the need to understand the assumptions and sensitivity of the analysis methods used. We
demonstrate here how analysis of the same PCR data using standard curves and LRE yields
different results, likely because the LRE method does not rely on any assumptions of
reaction efficiency and is more sensitive to detection of low expressing genes. We showed
that the choice of gene expression analysis methods led to results that suggested two
different conclusions: (1) shoulder sites do give different host response to xenograft
implantation than body wall sites (previous study analysis methods); or (2) shoulder sites do
not give different host response to xenograft implantation than body wall sites (current study
analysis methods). Because we have more confidence in the accuracy of the LRE analysis
method, we intend to employ the LRE analysis method for our future gene expression
studies to eliminate the need for assumptions concerning the efficiency of the PCR reaction
and to increase detection sensitivity.

A limitation to this study is the single time point evaluated, which did not allow for
elucidating differences between implantation sites at early time points or beyond 28 days. In
particular, a longer duration would allow the functional consequence of the gene expression
profiles on long-term graft remodeling to be investigated. Furthermore, only a finite number
of genes were examined, and no histologic, biochemical, biomechanical, or immunological
findings are reported. Nonetheless, using 26 genes to examine host response to xenograft
implantation at 28 days, we found that variations in clinically relevant surgical and
environmental factors in the shoulder and the body wall did not result in significant gene
expression differences within or between these sites in the rat model. This result was
unexpected as bony fixation, mechanical load, and/or synovial fluid are known to influence
the healing of a primary tendon repair back to bone12–16. Hence, the insensitivity of the rat
host response to these various surgical conditions could also suggest that neither the
shoulder nor the abdominal wall sites in the rat provide a model for defining the role of these
surgical variables (i.e. bony fixation, mechanical load and/or synovial fluid) in the host
response to biomaterials.
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Figure 1.
Bone anchor: For Groups 2, 3, 4 (Table 1), a customized stainless steel eye bolt (T2M-3005,
Scale Hardware, Ft. Lauderdale, FL) was inserted into the humerus just lateral to the apex of
the tendons’ insertion sites, and the xenograft was tied through the eyelet of the bolt with a
5-0 Prolene mattress suture.
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Figure 2.
Gene expression current study versus reanalysis of previous study22: Normalized copy
number, ln transformed, plotted as mean, error bars = std dev, diamond = 95% confidence
interval. White diamonds with strips – shoulder xenografts current study (n=32), grey
diamonds with strips – body wall xenografts current study (n=32), white diamonds without
strips shoulder xenografts previous study (n=16), grey diamonds without stripes – body wall
xenografts previous study (n=16). Significant differences between groups are denoted by the
solid horizontal lines.

Leigh et al. Page 10

J Orthop Res. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Leigh et al. Page 11

Ta
bl

e 
1

St
ud

y 
de

si
gn

: T
he

 6
 e

xp
er

im
en

ta
l g

ro
up

s 
an

d 
th

ei
r 

di
st

ri
bu

tio
n 

am
on

g 
an

im
al

s 
an

d 
an

at
om

ic
 s

ite
s.

 T
he

 d
is

tr
ib

ut
io

n 
of

 th
e 

xe
no

gr
af

t s
ou

rc
ed

 f
ro

m
 tw

o
hu

m
an

 d
on

or
s 

is
 a

ls
o 

de
no

te
d.

R
at

 #
F

as
ci

a 
D

on
or

E
xp

er
im

en
ta

l G
ro

up

R
ig

ht
 S

ho
ul

de
r

L
ef

t 
Sh

ou
ld

er
R

ig
ht

 L
um

ba
r

L
ef

t 
L

um
ba

r

1
A

3
4

5
6

2
A

1
4

6
5

3
B

4
4

5
6

4
B

4
3

5
6

5
B

1
2

na
na

6
A

1
3

na
na

7
A

4
2

na
na

8
B

3
3

6
5

9
B

2
3

na
na

10
A

2
2

6
5

11
A

1
1

5
6

12
B

3
2

6
5

13
B

2
4

5
6

14
A

3
3

na
na

15
A

4
1

6
5

16
B

2
1

6
5

E
xp

er
im

en
ta

l G
ro

up
:

1 N
o 

ca
ps

ul
e/

te
nd

on
 in

ju
ry

, b
on

e 
tu

nn
el

, t
en

si
on

2 N
o 

ca
ps

ul
e/

te
nd

on
 in

ju
ry

, b
on

e 
an

ch
or

, t
en

si
on

3 C
ap

su
le

/te
nd

on
 in

ju
ry

, b
on

e 
an

ch
or

, t
en

si
on

4 C
ap

su
le

/te
nd

on
 in

ju
ry

, b
on

e 
an

ch
or

, n
o 

te
ns

io
n

5 L
um

ba
r 

fa
sc

ia
 d

ef
ec

t, 
ov

er
la

y

6 L
um

ba
r 

m
us

cl
e 

po
ck

et

J Orthop Res. Author manuscript; available in PMC 2013 November 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Leigh et al. Page 12

Table 2

Gene expression current study: Normalized copy number, ln transformed, mean and std dev for the 26 genes
compared between shoulder and body wall implantation sites at 28 days.

GENE 28 Day Gene Expression

Category Name Abbr. Shoulder Xenograft
Mean (SD)

Body Wall Xenograft
Mean (SD)

Pro-inflammatory

Interleukin-1α IL-1α −8.66(4.51) −9.50(4.34)

Interleukin-1β IL-1β −6.93(3.49) −7.24(4.15)

Interleukin-6 IL-6 −11.12(3.61) −12.11(3.40)

Interleukin-8 IL-8 −13.99(3.40) −15.13(2.41)

Interleukin-12β IL-12β −10.25(3.08) −9.90(3.02)

Interleukin-18 IL-18 −7.02(4.55) −6.80(4.16)

Interferon-γ INFγ −13.19(4.25) −12.78(6.32)

inducible Nitric Oxide Synthase iNOS −6.81(3.30) −6.51(3.48)

Tumor Necrosis Factor-α TNFα −10.13(4.86) −9.73(2.58)

Pro-remodeling

Arginase ARG −13.96(3.12) −14.11(3.07)

Interleukin-1 receptor antagonist IL-1ra −5.52(2.86) −4.85(3.64)

Interleukin-4 IL-4 −12.83(4.11) −12.97(4.29)

Interleukin-5 IL-5 −18.21(4.80) −17.06(3.87)

Interleukin-10 IL-10 −12.18(3.23) −12.24(2.86)

Interleukin-13 IL-13 −13.00(3.32) −12.58(3.40)

Transforming Growth Factor-β TGF-β −6.89(3.54) −7.01(2.83)

ECM/Tendon

Decorin DEC −3.40(3.96) −3.50(3.87)

Collagen Type I Col I 1.18(3.72) 0.15(3.92)

Collagen Type III Col III −8.09(3.84) −7.95(3.35)

Thrombospondin-4 TSP4 −11.42(3.27) −11.27(3.12)

Scleraxis SCX −10.36(3.99) −11.54(4.36)

Tenomodulin TND −7.51(5.20) −8.44(5.30)

Enzyme

Cathepsin K Cat K −6.33(3.87) −4.85(4.54)

Matrix Metalloproteinase-2 MMP2 −10.37(4.26) −10.55(4.49)

Matrix Metalloproteinase-3 MMP3 −6.95(3.97) −7.07(3.96)

Matrix Metalloproteinase-13 MMP13 −5.59(2.93) −5.74(3.81)
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