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Abstract
Background—Abdominal adhesions are a common side effect of surgical procedures with
complications including infertility, chronic pain, and bowel obstruction, which may lead to the
need for surgical lyses of the adhesions. Mitogen-activated protein kinase-activated protein kinase
2 (MK2) has been implicated in several diseases involving inflammation and fibrosis. Thus, the
development of a cell-penetrating peptide (CPP) that modulates MK2 activity may confer
therapeutic benefit after abdominal surgery in general and more specifically after bowel
anastomosis.

Study Design—This study evaluated the function of a CPP inhibitor of MK2 in human
mesothelial cells and in a rat bowel anastomosis model. To determine IC50 and basic specificity,
kinase inhibition was performed using a radiometric assay. Enzyme-Linked Immunoassay
(ELISA) was used to evaluate interleukin-6 (IL-6) expression in response to IL-1β and tumor
necrosis factor-α (TNF-α) stimulation in vitro to validate MK2 kinase inhibition. Following bowel
anastomosis (10 rats for each control and treatment at 4 and 10 days), the rats were evaluated for
weight loss, normal healing (colonic burst strength and hydroxyproline content at the
anastomosis), and number and density of adhesions.

Results—The IC50 of the MK2 inhibitor peptide (22µM) was similar to that of the nonspecific
small molecule Rottlerin (IC50=5µM). The MK2 inhibitor peptide was effective at suppressing
IL-1β and TNF-α stimulated IL-6 expression in mesothelial cells. In vivo, the MK2 inhibitor
peptide was effective as suppressing both the density and number of adhesions formed as a result
of bowel anastomosis. Importantly, the peptide had no negative effect on normal healing.

Conclusions—In conclusion, the peptide inhibitor of MK2, MMI-0100, has the potential to
significantly reduce inflammation through suppression of inflammatory cytokine expression and
showed promise as a therapeutic for abdominal adhesions.
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Introduction
Abdominal adhesions are a common side effect of surgical procedures, with up to 93% of all
abdominal surgeries resulting in adhesions [1,2]. Associated complications that include
infertility, chronic pain, and bowel obstruction may require secondary (adhesiolysis)
surgeries to remove the adhesions [3]. In 2004, approximately 305,000 surgical procedures
were performed to treat intestinal obstructions [4] and survey data suggest that
approximately 180,000 of those procedures were attributable to abdominal adhesions [1].
Considering that obstruction-associated complications may include death, together with the
absence of current treatment options that reduce risk of adhesion formation in bowel
anastomosis procedures, new therapies are greatly needed.

Mesothelial cells lining the surface of the peritoneal cavity play a role in normal healing as
well as in the formation of surgical adhesions. Mesothelial cells can produce IL-6, and IL-6
expression has been correlated with adhesion formation. Agents suppressing IL-6 expression
have therapeutic potential for reducing adhesions as well as for other human inflammatory
disorders in which IL-6 has been implicated. These include not only abdominal and
peritoneal adhesions [5–10], but also rheumatoid arthritis and other arthritides [11,12], acute
CNS infection [13], multiple myeloma [14], renal cell carcinoma [15], bronchial asthma
[16], breast cancer [17], Castleman’s disease [5], cardiac myxoma [18], and ovarian cancer
[19–22]. Thus, a peptide-based inhibitor of IL-6 expression might have significant impact on
human disease in general and specifically in reducing adhesion formation.

Due to the role inflammation plays in adhesion formation, we designed a peptide inhibitor
(MMI-0100) to mitogen-activated protein kinase-activated protein kinase 2 (MK2). MK2 is
known to play a major role in several inflammatory and fibrotic disorders [12,23–30], via
upregulation of inflammatory cytokines subsequent to MK2 activation. The relationship
between MK2 activity and IL-6 expression has been elucidated primarily through studies
employing MK2 knockout mice, cells obtained from MK2 knockout mice, or cells where
MK2 has been suppressed by dsRNA. Many of these studies provide strong support that
activated MK2 enhances stability of IL-6 mRNA through phosphorylation of proteins
interacting with the AU-rich 3' untranslated region of IL-6 mRNA [12,30–33]. Specifically,
Rousseau et al. showed that MK2 is principally responsible for phosphorylation of
heterogeneous nuclear ribonucleoprotein A0 (hnRNPA0), an RNA-binding protein that
stabilizes IL-6 mRNA [34]. Several additional studies investigating diverse inflammatory
diseases have directly correlated IL-6 expression with MK2 activation [12,30,31,33]. Thus,
suppression of IL-6 expression and hnRNPA0 phosphorylation were utilized in our
investigation as measures of MK2 inhibition.

Hayess and Benndorf described a peptide inhibitor of MK2 that was derived from the heat
shock protein beta-1 (HSPB1) consensus sequence KKKALNRQLGVAA [35]. While this
peptide does inhibit MK2 activity in vitro, it lacks a cell-penetrating peptide (CPP) that
facilitates entry into cells. We previously demonstrated that a cell-penetrating derivative of
the Hayess and Benndorf peptide, WLRRIKAWLRRIKALNRQLGVAA, inhibited HSPB1
phosphorylation in human keloid fibroblasts [36]. While demonstrating functional activity
[36], additional work with this peptide indicated that the CPP sequence itself dramatically
decreased the kinase specificity of the peptide and also increased its associated toxicity [37].
Thus, the cell-penetrating MK2 inhibitor peptide employed in this study, MMI-0100,

Ward et al. Page 2

J Surg Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



contains the CPP YARAAARQARA, which both maximizes peptide specificity and
minimizes toxicity [38].

We investigated whether MMI-0100 would suppress expression of the pro-inflammatory
cytokine IL-6 and inhibit hnRNPA0 phosphorylation. Further, we investigated whether a
single dose of the MK2 inhibitor peptide, locally delivered at the time of bowel anastomosis
surgery, would significantly inhibit adhesion formation without impairing normal healing.
The data presented suggest that MMI-0100 holds promise as a potential therapy to reduce
adhesion formation in conjunction with general abdominal surgery and, more specifically, in
bowel anastomosis procedures.

Materials and Methods
Peptide synthesis and purification

Peptides were synthesized on Rink-amide or Knorr-amide resin (Synbiosci Corp. Livermore,
CA) using standard FMOC chemistry [39] on a Symphony® Peptide Synthesizer (Protein
Technologies, Inc., Tucson, AZ). The coupling reagent for the amino acids (Synbiosci
Corp.) was 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate/N-
methylmorpholine (HBTU/NMM) (Anaspec, – Freemont, CA /Sigma, St. Louis, MO).
Following synthesis, the peptide was cleaved from the resin with a trifluoroacetic acid-based
cocktail (95% trifluoroacetic acid, 2.5% water, 1.25% triisopropylsilane, and 1.25%
ethanedithiol), precipitated in ether, and recovered by centrifugation. The recovered peptide
was dried in vacuo, resuspended in MilliQ purified water, and purified using an FPLC
(ÄKTA Explorer, GE Healthcare, Piscataway, NJ) equipped with a 22/250 C18 prep-scale
column (Grace Davidson, Columbia, MD). An acetonitrile gradient with a constant
concentration of either 0.1% trifluoroacetic acid or 0.1% acetic acid was used to achieve
purification. Desired molecular weight was confirmed by time-of-flight MALDI mass
spectrometry using a 4800 Plus MALDI TOF/TOF™ Analyzer (Applied Biosystems, Foster
City, CA).

Radiometric IC50 determination
IC50 value for the MK2 inhibitor peptide was determined using Millipore’s IC50Profiler
Express service. The IC50 value was estimated from a 10-point curve of one-half log
dilutions. Peptide was supplied in DMSO. Specifically, human recombinant MK2 (h) (5–
10mU) was incubated with 50 mM sodium β-glycerophosphate (pH = 7.5), 0.1 mM EGTA,
30 µM of substrate peptide (KKLNRTLSVA), 10 mM magnesium acetate, and 90 µM
γ-33P-ATP (final volume of 25 µL) for 40 minutes at room temperature. Then, the reaction
was stopped with 3% phosphoric acid. 10 µL of this mixture was spotted onto a P30
filtermat and washed three times for five minutes with 75 mM phosphoric acid and once
with methanol. Finally, the membrane was dried and a scintillation counter was used. An
ATP concentration within 15 µM of the apparent Km for ATP was chosen because Hayess
and Benndorf showed that the mechanism of their original inhibitor peptide was not
competitive with ATP binding [35].

In addition to determining the IC50 value for MMI-0100, inhibitory activity against 266
human kinases was tested using Millipore’s IC50Profiler Express service. For specificity
analysis, a 100µM concentration of MMI-0100 was chosen for testing, as this concentration
inhibited adhesion formation in the current in vivo study. The compound was supplied in
DMSO. Every kinase activity measurement was conducted in duplicate. Individual
conditions for each assay (reference inhibitors, buffer conditions, ATP concentration,
substrate, etc.) and information about each kinase tested can be found on Millipore’s
website, at http://www.millipore.com/drugdiscovery/dd3/kpservices.
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Mesothelial cell culture and treatment
A cell line of human pleural mesothelial cells (CRL-9444) was purchased from ATCC. Cells
were maintained and seeded in Medium199 with Earle's BSS and 0.75 mM L-glutamine
(Mediatech, Inc., Manassas, VA), 1.25 g/L sodium bicarbonate (Sigma), 3.3 nM epidermal
growth factor (MBL International, Woburn, MA), 40 nM hydrocortisone (Sigma), 870 nM
insulin (MBL International), 20 mM HEPES (Sigma), trace elements mixture B (Mediatech,
Inc.), 10% fetal bovine serum (FBS) (Hyclone, Waltham, MA), and 1% penicillin/
streptomycin (Mediatech, Inc.). Prior to treating cells with therapeutics, cells were allowed
to acclimate in serum-free medium consisting of only Medium199 with Earle's BSS, L-
glutamine, sodium bicarbonate, HEPES, trace elements mixture B, and penicillin/
streptomycin (concentrations and suppliers same as above) for 24 hours prior to treatment
with cytokines and/or MK2 inhibitor peptide. Cytokines with or without inhibitor peptide
were also always added simultaneously in this medium formulation. The cell-penetrating
MK2 inhibitor peptide YARAAARQARAKALARQLGVAA (MMI-0100, IC50 = 22 µM)
was used.

IL-6 ELISA analysis
The IL-6 ELISA kit was supplied by PeproTech, Inc. (Rocky Hill, NJ). Chemicals for
buffers and the ABTS liquid substrate solution were attained from Sigma. Compound
reconstitution and volume additions to each well were in accordance with the
manufacturer’s instructions for each lot. All experiments were performed at room
temperature and all incubation steps took place on a plate shaker adjusted to 300 rpm. Nunc
MaxiSorp microplates were coated with the appropriate capture antibody overnight.
Blocking, sample and standard incubation, detection antibody addition, and avidin-
horseradish peroxidase conjugate addition were completed in accordance with the
manufacturer’s instructions. After substrate solution addition, absorbance was measured at
405 nm and 650 nm (650 nm was the wavelength correction subtracted from each 405 nm
measurement) using a Spectramax M5 Microplate Reader (Molecular Devices) every 5
minutes for 50 minutes. The time point for data analysis was selected in accordance with
manufacturer recommendations. Hoeschst 33342 nuclear stain (Invitrogen) was used to
quantify cell number on the basis of DNA quantity. All results were run in triplicate and
normalized to cell number.

In-cell Western analysis for HSPB1 phosphorylation
Mesothelial cells were seeded at a density of 200,000 cells/ml in 96-well clear bottom black
well Cell Bind plates (Corning). Once confluent, cells were treated with serum free medium
for 24 hours. Following a change of media, cells were either left untreated (negative control)
or treated with 1 ng/ml interleukin-1β (Peprotech) and/or 1000µM MMI-0100 and/or 5µM
AKT Inhibitor (EMD Chemicals). After six hours, media samples were removed for ELISA
analysis and the cells were fixed with formaldehyde, permeabilized with 0.1% Triton X in
TBS, blocked for 90 minutes with gentle rotation in Odyssey Blocking Buffer, and
incubated with primary antibodies overnight at 4°C with gentle rocking. The specificity of
all primary antibodies was confirmed via standard Western blot before use in all in-cell
Westerns. The following primary antibodies were used: HSPB1 monoclonal antibody
(1:833) (G3.1) (Stressgen), HSPB1 phospho S15 antibody (1:250) (Abcam), HS27 phospho
S78 antibody [Y175] (1:500) (Abcam), and Phospho-HSPB1 Ser 82 (1:125) (Cell
Signaling). After washing five times with 0.1% Tween-20 in TBS, samples were incubated
with secondary antibodies for one hour (IRDye 680 goat antimouse (1:200; Li-Cor) and
IRDye 800CW goat anti-rabbit (1:800; Li-Cor). After five washes with 0.1% Tween-20 in
TBS, samples were visualized on a Li-Cor Odyssey system. The Odyssey software was used
to quantify the intensity of each channel. Secondary-only controls were used to subtract off
background intensity from each sample. All samples were run in quadruplicate. Statistical

Ward et al. Page 4

J Surg Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significance was determined with a one-way ANOVA, with a significance level of α=0.05.
A Bonferroni post-hoc test was used to determine which samples differed significantly from
IL-1β only treated samples.

Western blot analysis for hNRNPA0 phosphorylation
Mesothelial cells were seeded at a density of 200,000 cells/ml in 35mm tissue culture dishes.
Once confluent, the cells were treated with serum free medium for 24 hours. Following a
change of medium, cells were treated with 1 ng/ml interleukin-1β (Peprotech) and/or
1000µM or 3000µM MMI-0100. After 6 and 12 hours, cells were washed twice with ice
cold TBS and collected in lysis buffer (9 M Urea, 4% CHAPA, 100 µl Sigma Phosphatase
Inhibitor Cocktail 1) using a cell scraper. The lysates were frozen at −80°C and vortexed in
a disruptor genie for three hours at 4°C to disrupt the cell membrane. The membrane
components were pelleted via centrifugation. A BCA assay was used to determine the total
protein concentration of each sample. Protein (20µg) was run on 12% polyacrylamide gels at
65V, transferred onto a nitrocellulose membrane using a transblot SD semi-dry system
(Biorad), blocked with 1:1 Odyssey Blocking buffer and TBS for one hour, and incubated
with anti-phospho hnRNPA0 (Ser84) (1:558) (Upstate) and β-actin (1:1000; Abcam). After
4 washes, the blots were probed with secondary antibodies (IRDye 680 goat anti-
mouse(1:5000; Li-Cor) and IRDye 800CW goat anti-rabbit (1:500; Li-Cor)) and visualized
with the Licor Odyssey system. The Odyssey Software was used to quantify the band
intensity. hNRNPA0 expression was normalized to β-actin for each lane.

In vivo model of intra-abdominal adhesion formation
We used a standard model of colon transection and anastomosis [40] for evaluating the
effect of MMI-0100 on adhesion formation. This provides a reproducible model of adhesion
formation while also allowing for the evaluation of anastomotic healing, which is often
compromised by anti-adhesion therapies. This injury model elicits an intra-peritoneal
inflammatory response similar to clinical surgery and also starts fibrinogenesis, which is
critical to the early phase of adhesion formation.

Briefly, under Ketamine and Xylazine (IM) anesthesia, the abdomen was shaved, prepped
with organic iodine solution, and a midline incision was performed. The descending colon
was divided sharply three centimeters above the peritoneal reflection and a single layer,
hand-sewn colonic anastomosis was performed using interrupted inverting 6-0 Prolene
sutures. Treatment with the MK2 inhibitor peptide MMI-0100 (100 µM solution in PBS) or
with PBS was carried out by spraying 5 ml over the anastomotic site, as well as the rest of
the visceral contents of the abdomen. The fascia was reapproximated with continuous silk
suture.

At sacrifice, using a paramedian incision to avoid disrupting adhesions underlying the
incision site, the abdomen was accessed. Anastomotic healing was assessed by measuring
colon bursting pressure and anastomotic collagen content while adhesions were graded by
two observers blinded to the treatment, using a scoring system developed by Mazuji, et al.
[41] (Table 1), with the addition of a category for number of organs involved in adhesions to
capture both the tenacity of the adhesion and the number of adhesions formed. The colon
distal to the anastomosis was tied off and the proximal end was divided, taking care not to
disturb the peri-anastomotic adhesions and an angiocath, connected to a pressure transducer,
was inserted into the lumen and secured with a silk tie. A continuous infusion of normal
saline (2 ml/min) into the isolated colonic segment was carried out and bursting pressures
were digitally recorded and identified as the highest pressure obtained just prior to visible
leak or sudden pressure drop. After scoring adhesions, the colon anastomotic segment (5mm
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proximal and distal to the suture line) was resected, dissected clean of adhesions, and stored
at −20°C for analysis for hydroxyproline content as an index of newly synthesized collagen.

The scoring system (Table 1) for evaluating adhesions assessed two aspects of adhesion
formation: it first scored the quality and tenacity of the adhesions formed as: 1= light,
flimsy, easily dissected, 2= moderate, adherent, some force, 3= heavy, sharp dissection
required, 4= severe, not dissectable without damaging structures. Second, the number of
organs involved in adhesion formation was evaluated, with one point given for each of the
following organs involved: epidydmal fat, small bowel, omentum, colon or the abdominal
wall. Thus, these scores ranged from 0 to 9, providing a broad enough scale for evaluating
the effects of MMI-0100 therapy.

Hydroxyproline assay
The assay was developed using the methods of Reddy and Enwemeka [42]. All anastomotic
samples were weighed and hydrolyzed in 6N HCl overnight at 110° C. The following day,
the samples were gravity filtered and titrated to a neutral pH using a NaOH buffer. A 0.05M
chloramine T solution was added to all the samples, followed by a 3.15M solution of
perchloric acid. Finally, para-dimethylaminebenzaldehyde (20% solution) was added and the
samples were placed in a warm water bath. After 20 minutes, the samples were cooled in tap
water and the absorbency of the samples was tested on the spectrometer at 560 nm.

Statistical analysis
All results presented are means ± standard deviation. One-way ANOVA analyses were used
to determine statistically significant increases or decreases in parameters of interest.
Significant differences were analyzed with Tukey HSD post hoc comparisons, unless
otherwise described above. In all cases, a significance level of α = 0.05 was used.

Results
MMI-0100 IC50 and specificity

The IC50 of MMI-0100 was determined to be 22 µM. In addition to determining the IC50 of
the compound, we examined its specificity of kinase inhibition. To do this, we tested all 266
human kinases available for testing in the Millipore kinase profiling service cited above. At
100 µM, the peptide inhibited greater than 65% of activity of only 17 wild-type kinases
(data not shown). Eight of seventeen of the kinases that inhibited greater than 65% are, as is
MK2, members of the calcium/calmodulin-dependent protein kinase family; in addition,
four are members of the tyrosine kinase family and three are members of the cAMP-
dependent, cGMP-dependent and protein kinase C (AGC) family.

IL-1β and TNF-α upregulated IL-6 expression in a time- and dose-dependent manner in
mesothelial cells

To determine doses and time intervals that significantly upregulated IL-6 expression,
mesothelial cells were treated with 0.1, 1, or 10 ng/mL of IL-1β and TNF-α for 2, 6, 12, and
24 hours (Fig. 1a & 1b). Without IL-1β or TNF-α stimulation, mesothelial cells made
negligible amounts of IL-6; however, both IL-1β and TNF-α increased IL-6 expression in a
time- and dose-dependent manner. All three concentrations of IL-1β significantly increased
IL-6 expression after six hours (p<0.05), but by 24 hours, the two higher concentrations of
IL-1β induced similar levels of IL-6 expression. Since investigators have previously
established 1 ng/mL IL-1β as the most physiologically-relevant concentration for
mesothelial cells [43], subsequent experiments also employed 1 ng/mL IL-1β. Excluding the
24-hour time point for the highest dose of TNF-α used, TNF-α was a less potent inducer of
IL-6 expression than IL-1β. The 0.1 ng/mL dose of TNF-α rarely produced significant
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increases in IL-6. Even the 1 ng/mL TNF-α dose did not always significantly upregulate
IL-6 expression above the untreated control. Thus, in subsequent experiments, 10 ng/mL
TNF-α was selected as the stimulant. Ten ng/mL TNF-α is also regarded as most
physiologically relevant concentration for mesothelial cells [43].

High dose of MMI-0100 attenuated IL-1β-induced IL-6 expression at multiple time points
To show that YARAAARQARAKALARQLGVAA (MMI-0100) inhibited IL-1β-induced
IL-6 expression in mesothelial cells, mesothelial cells were treated with two concentrations
of MMI-0100 (Figure 2). At the highest concentration tested, MMI-0100 significantly
reduced IL-1β-induced IL-6 expression (p<0.05) at all three time points examined.
However, at the latter two time points, overall IL-6 expression was still significantly higher
than the untreated baseline (p<0.05). Lower concentrations of MMI-0100 (1000 µM)
appeared to reduce IL-1β-induced IL-6 expression in a dose dependent manner, but only the
highest concentration was able to significantly reduce IL-6 expression.

MMI-0100 inhibits IL-6 expression induced by TNF-α at multiple time points
To show that MMI-0100 opposed TNF-α-induced IL-6 expression in mesothelial cells,
mesothelial cells were treated with 3,000 µM or 1,000 µM of MMI-0100 and 10 ng/ml TNF-
α (Figure 3). In mesothelial cells treated with 10 ng/mL TNF-α, the peptide was effective in
reducing TNF-α induced IL-6 expression (p<0.05). At every time point, the higher
MMI-0100 dose reduced IL-6 expression levels to that of the untreated baseline.

MMI-0100 inhibits IL-1β-induced phosphorylation of hnRNPA0 in mesothelial cells
Treatment of mesothelial cells with 1 ng/ml IL-1β induced a 2-fold upregulation of
phosphorylated transcription factor hnRNPA0, a substrate of MK2, as compared to controls
at 6 hours.Simultaneous treatment with MMI-0100 reduced the level of phosphorylation,
with 3000 µM MMI-0100 reducing the level of hnRNPA0 phosphorylation to that of the
untreated controls (Figure 4). At 12 hours, treatment with IL-1β no longer upregulates the
phosphorylation of hnRNPA0.

MMI-0100 inhibits phosphorylation of HSPB1 S15 and AKT inhibitor attenuates
phosphorylation of HSPB1 Ser82 in mesothelial cells

Neither MMI-0100 nor AKT inhibitor decrease the phosphorylation of HSPB1 on S78 (data
not shown). MMI-0100 did attenuate S15 phosphorylation following stimulation with IL1-β
(p<0.05), while AKT had no effect on S15 phosphorylation (Figure 5a). However, consistent
with other published studies, the AKT inhibitor reduced the level of HSPB1 phosphorylation
on S82 (p<0.05). MMI-0100 did not affect HSPB1 S82 phosphorylation (Figure 5b).

In vivo inhibition of adhesion formation
A total of three animals were lost from the study. Two animals were lost from the control
group: one from a transverse colonic volvulus 5 days after surgery and one from an
anastomotic leak 7 days after surgery. One animal was lost from the treatment group on day
six, although autopsy showed no obvious reason for death.

In all cases, as shown in Table 2, a single treatment with MMI-0100 at the time of surgery
did not significantly affect rat weight gain, anastomosis bursting pressure or intestinal
hydroxyproline (OHP) content at either time point, demonstrating a lack of negative impact
on normal healing. However, the peptide-treated rats had significantly lower adhesion
incidence and density scores at 10-days (P<0.005).
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Discussion
These studies describe the activity of a cell-penetrating peptide inhibitor of MK2,
MMI-0100. Cell studies validated that the peptide inhibits many of the functions attributed
to MK2. In vitro studies demonstrated that MMI-0100 has an IC50 value of 22µM, which
was shown in our rat model to be therapeutically relevant for inhibiting adhesion formation
as a result of bowel anastomosis surgery. While the peptide is not 100% specific for MK2, it
does appear to be relatively specific to a subset of CaMKs and TKs. Both the in vitro data
demonstrating suppress inflammatory cytokine expression and the known correlation
between inflammation and adhesions suggest that MK2 inhibitor activity of the peptide is a
major factor in the therapeutics ability to downregulate adhesion formation in vivo. In
addition, there were no obvious in vivo side effects including labored breathing, vomiting,
loss of appetite or weight loss as a result of treating animals with MMI-0100 for the purpose
of inhibiting surgically induced adhesions.

To verify that MMI-0100 inhibited functions attributed to MK2 in a medically relevant cell
line, we investigated the ability of a human mesothelial cell line to express IL-6 in response
to inflammatory cytokine expression. As discussed earlier, IL-6 expression is important in
abdominal adhesion formation. Consistent with published studies, both IL-1β and TNF-α
increased mesothelial cell IL-6 expression [44–46]. These cited studies and our results also
established that, without stimulation, mesothelial cells made very small amounts of IL-6.
Consistent with other studies using human peritoneal mesothelial cells [44,45], IL-1β was a
more potent inducer of IL-6 expression than TNF-α.

Next, we confirmed that MMI-0100 diminished IL-1β and TNF-α induced IL-6 expression
by mesothelial cells. At the highest concentration tested, MMI-0100 significantly reduced
IL-1β-induced IL-6 expression (p<0.05). However, the MK2 inhibitor peptide was much
more effective in reducing TNF-α-induced IL-6 expression at all three time points examined
as compared to reducing IL-1β-induced expression. The highest concentration of peptide
used in these studies was well below the toxic dose for mesothelial cells [37]. This
concentration was effective in bringing TNF-α-induced IL-6 expression to baseline levels or
below but not effective in bringing IL-1β-induced IL-6 expression to baseline levels. The
peptide acted at all time points to reduce IL-6 expression in response to both TNF-α and
IL-1β. While the MK2 inhibitor used in this study is not completely specific for MK2
[37,47], the ability of the compound to inhibit IL-1β- and TNF-α-induced IL-6 expression
provides strong evidence that the compound did inhibit the actions of MK2 based on the link
between MK2 and IL-6 expression.

As further evidence that the peptide inhibited MK2 in mesothelial cell culture, we analyzed
the phosphorylation of hnRNPA0 after stimulation with IL-1β and treatment with or without
MK2 inhibitor. Consistent with other studies, we found that hnRNPA0 was phosphorylated
at serine 82 upon inflammatory cytokine stimulation and that inhibition of MK2 activity
with MMI-0100 decreased the phosphorylation of hnRNPA0. Coupled with the decrease in
IL6 expression and our in vitro kinase inhibition data, there is strong evidence that
MMI-0100 is inhibiting MK2.

In addition to its role in inflammatory cytokine expression, MK2 has been associated with
phosphorylation of HSPB1 (HSP25 in mice), a heat shock protein associated with stress
resistance and actin cytoskeletal organization, at three serine residues (S82, S78 and S15)
[48–56]. Thus, we examined the ability of the peptide to inhibit phosphorylation of HSPB1.
MK2 phosphorylates HSPB1 directly in a test tube [36,57], and has been shown to
phosphorylate HSPB1 in cells, as well [52–56]. Our data suggest that the concentration of
MK2 inhibitor peptide that is effective at suppressing MK2 activity in vitro and that
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attenuates hnRNPA0 phosphorylation and IL-6 expression, inhibits HSPB1 phosphorylation
at S15, but not at S78 nor at S82 in mesothelial cells. This contradicts many published
studies using knockout mice and cells derived from these animals, which show that MK2
directly phosphorylates HSPB1 at all 3 serines [58,59]. Interestingly, recent work by Revesz
et al. has shown that small molecule inhibitors of MK2, with known off-target kinase
inhibition activity, show order of magnitude differences in their IC50 values against
cytokine expression and HSPB1 phosphorylation [60]. Our data suggest that either greater
inhibitor concentrations are needed for inhibition of HSPB1 phosphorylation at S78 and S82
than are needed to inhibit cytokine expression and HSPB1 S15 and hnRNPA0
phosphorylation, or that some other kinase is responsible for HSPB1 phosphorylation at sites
S78 and S82 in cells. Recent evidence suggests that HSPB1 can be phosphorylated by
multiple other kinases, including p38 regulated/activated protein kinase (PRAK), which
phosphorylates HSPB1 at the same sites as MK2 [61,62]. Like MK2, the serine/threonine
kinase Akt phosphorylates S82 in response to p38 pathway activators [63] and protein
kinase D (PKD) also phosphorylates S82 [64]. In response to oxidative stress, PKCδ
phosphorylates HSPB1 at serines 82 and 15 [65,66].

To test whether another kinase may be responsible for phosphorylation HSPB1 in cells, we
examined the ability of an inhibitor of AKT to suppress HSPB1 phosphorylation at HSPB1
Ser82. We found that the AKT inhibitor downregulated S82 phosphorylation to baseline
levels, as does dual AKT and MK2 inhibition, while again, MK2 inhibition alone was
unable to suppress S82 phosphorylation. These data suggest that, while MK2 is able to
inhibit phosphorylation at all three serine residues in a test tube, it may not be responsible
for phosphorylating S78 and S82 in vivo.

Studies by Rane et al. [67] demonstrated that AKT inhibits phosphorylation of HSPB1 at
serine 82. Since activated MK2 forms a complex with p38 MAPK, AKT, and HSPB1 [68], it
is possible that MK2 activation is required for formation of this complex. Once the complex
is formed, AKT is able to phosphorylate HSPB1 at serine 82. If this is the case, it would
explain why MK2 knockout studies show suppressed HSPB1 phosphorylation at Ser82.
Additional studies are needed to demonstrate whether this hypothesis is true. Complicating
the issue is the fact that no completely specific MK2 inhibitor is available and siRNA and
knockout studies complete eliminate MK2 expression, which inhibits both protein-protein
interactions and kinase activity.

The ability of MK2 peptide inhibitor to significantly decrease adhesions in an intestinal
anastomosis model without affecting the mechanical properties of the intestine or normal
healing is significant. The market leader in adhesion prevention products, Seprafilm®, as
well as Adept, the only other FDA approved product to treat abdominal adhesions, are
specifically contraindicated for intestinal anastomosis [2,69]. According to the product label,
Seprafilm® “should not be wrapped directly around a fresh anastomotic suture or staple
line”[70]. In this application, Seprafilm® is associated with anastomotic leakage [70,71]. In
colorectal resections or adhesiolysis, Seprafilm® also caused significantly more fistulas and
peritonitis in patients [70]. In these initial studies, MMI-0100 did not cause any of these
complications in this rat anastomosis model and may represent a novel way to decrease the
severity and incidence of adhesions at the time of anastomotic surgery without inciting
additional complications for the patient.

In conclusion, we developed a cell-penetrating peptide inhibitor of MK2 (MMI-0100). This
peptide inhibited IL-1β- and TNF-α-induced IL-6 expression in human pleural mesothelial
cells. The in vivo bowel anastomosis model demonstrated that the MMI-0100 peptide has
the potential to reduce both the incidence and severity of abdominal adhesions resulting
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from bowel anastomosis surgery. Further investigation of the peptide for inhibition of
abdominsal adhesions is warranted.
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Figure 1. IL-6 expression versus time and IL-1β or TNF-α dose in mesothelial cells
(A) IL-1β and (B) TNF-α increased IL-6 expression in a time and dose-dependent manner.
Single factor ANOVAs were conducted within each time interval with p<0.05. * =
significantly higher than only untreated. † = significantly higher than both untreated and 0.1
ng/mL IL-1β or TNF-α treated. ‡ = significantly higher than all other treatments. Error bars
represent standard deviation between three samples.
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Figure 2. IL-6 expression versus treatment with 1ng/ml IL-1β or 1ng/ml IL-1β + MMI-0100 in
mesothelial cells
MMI-0100, at a concentration of 3,000 µM, significantly reduced IL-1β induced IL-6
expression at all time points.. Single factor ANOVAs were conducted within each time
interval with p<0.05. * = significantly lower than 1 ng/mL IL-1β treated samples. Error bars
represent standard deviation between three samples.
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Figure 3. IL-6 expression versus treatment with 10 ng/mL TNF-α or 10 ng/mL TNF-α +
MMI-0100 in mesothelial cells
Both 3,000 and 1,000 µM MMI-0100 significantly reduced TNF-α induced IL-6 expression
in mesothelial cells at all three time points.. Single factor ANOVAs were conducted within
each time interval with p<0.05. * = significantly lower than 10 ng/mL TNF-α treated
samples. Error bars represent standard deviation between three samples.

Ward et al. Page 17

J Surg Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ward et al. Page 18

J Surg Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. IL-1β induced phosphorylation of hnRNPA0 is reduced with MMI-0100 treatment
(A) Western blot and (B) densimetric analysis showing MMI-0100 reduces IL-1β induced
phosphorylation of hnRNPA0 after 6 hours. IL-1β induced phosphorylation disappears at 12
hours: 1) untreated, 2) IL-1β, 3) MMI-0100 (1 mM), 4) MMI-0100 (3 mM)
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Figure 5. IL-1β induced phosphorylation of HSPB1 with MMI -0100 treatment and AKT
inhibition
(A) MMI-0100 treatment significantly decreases IL-1β induced HSPB1 phosphorylation at
serine 15. (B) Treatment with an AKT inhibitor significantly reduced phosphorylation of
HSPB1 at serine 82, which was not observed with peptide treatment. Data was normalized
to total HSPB1 and cell number. Single factor ANOVAs were conducted with p<0.05. * =
significantly lower than IL-1β treated. †=significantly higher than untreated. Error bars
represent standard deviation between four samples.
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Table 1

Adhesion scoring system.

Tissue adherent to anastomosis Score

Abdominal wall 1

Colon 1

Epididymal fat 1

Omentum 1

Small bowel 1

Density Score

 Light, flimsy, easily dissected 1

 Moderate, adherent, some force needed 2

 Heavy, needs sharp dissection 3

 Severe, not dissectable without damaging structures 4
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