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Abstract
N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) inhibits endothelin-1 (ET-1)-induced activation
of p44/42 mitogen-activated protein kinase (p44/42 MAPK) and collagen production in cultured
rat cardiac fibroblasts (RCFs). However, we do not know whether its inhibitory effect on p44/42
MAPK is due to altered activity of protein tyrosine phosphatases (PTPs), which in turn down-
regulate the p44/42 MAPK signaling pathway. Activity of Src homology 2-containing protein
tyrosine phosphatase-2 (SHP-2) is downregulated by ET-1 in RCFs; thus, we hypothesized that
Ac-SDKP inhibits ET-1-stimulated collagen production in part by preserving SHP-2 activity and
thereby inhibiting p44/42 MAPK phosphorylation. When we stimulated RCFs with ET-1 in the
presence or absence of Ac-SDKP, we found that a) PTP activity was reduced by ET-1 and b) this
effect was counteracted by Ac-SDKP in a dose-dependent fashion. Next, we extracted SHP-2 from
RCF lysates by immunoprecipitation and determined that a) ET-1 inhibited SHP-2 by 40% and b)
this effect was prevented by Ac-SDKP. However, Ac-SDKP failed to inhibit ET-1-induced p44/42
MAPK phosphorylation in RCFs treated with SHP-2 short hairpin RNA (shRNA); in contrast, in
cells transfected with control shRNA, Ac-SDKP’s inhibitory effect on ET-1-induced p44/42
MAPK activation, remained intact. Moreover, the inhibitory effect of Ac-SDKP on ET-1-
stimulated collagen production was blunted in cells treated with the SHP-1/2 inhibitor
NSC-87877. Thus, we concluded that the inhibitory effect of Ac-SDKP on ET-1-stimulated
collagen production by RCFs is mediated in part by preserving SHP-2 activity and thereby
preventing p44/42 MAPK activation. Ac-SDKP or its analogues could represent a new therapeutic
tool to treat fibrotic diseases in cardiovascular system.
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Introduction
N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP), an endogenous tetrapeptide secreted by
bone marrow cells [14,31], is widely found in various tissues [21] as well as plasma and
circulating mononuclear cells [22] and is a natural substrate for angiotensin-converting
enzymes (ACE) [2]. We found that Ac-SDKP inhibited p44/42 mitogen-activated protein
kinase (p44/42 MAPK) phosphorylation and collagen production in cultured rat cardiac
fibroblasts (RCFs) stimulated with endothelin-1 (ET-1) [23,34] and in the hearts from
aldosterone-salt hypertensive rats [18]. Moreover, ET-1-induced collagen production was
also inhibited by a specific MAPK kinase (MEK) inhibitor, PD 98059 [23]. However, the
molecular mechanisms by which Ac-SDKP blunts p44/p42 activation are unknown.

ET-1 is not only a potent vasoconstrictor but also has very powerful fibrogenic properties.
Indeed, it reportedly stimulates collagen production in cardiac fibroblasts [11,12] and also
plays an important role in cardiac fibrosis in vivo [1,17]. Activation of ET-1 receptors in
cardiac fibroblasts initiates a cascade of well-defined signaling pathways [16]. ET-1 rapidly
stimulates MAPK activity in rat mesangial cells via at least two pathways: one is protein
kinase C-dependent, while the second involves protein tyrosine kinases [8,28] and has also
been shown to enhance fibroblast proliferation and production of collagen I and III [11,12].
While these tyrosine kinase phosphorylations are known to be regulated by protein tyrosine
phosphatases (PTPs), it is not clear whether the inhibitory effect of Ac-SDKP on ET-1-
stimulated collagen production could be mediated by altered PTP activity, thereby blocking
p44/42 MAPK phosphorylation; since inhibition of PTP activity is sufficient per se to
initiate a complete MAPK activation [33]. PTPs are conventionally thought to represent
negative regulation, since they reverse the effects of protein tyrosine kinases; however, one
PTP in particular, Src homology 2-1 containing protein tyrosine phosphatase-2 (SHP-2), has
been shown to promote Ras activation by growth factors and cytokines [15] although it does
negatively regulate the ET-1 signaling pathway in cardiac fibroblasts [4]. In addition,
MAPK phosphatases (MKPs) have been shown to be important negative regulators of the
MAPK cascade [13]. MKP-1, −2 and −3 are expressed in fibroblasts and negatively regulate
p44/42 MAPK phosphorylation [3,10]; however, it is still not clear whether they play any
regulatory role in ET-1-induced p44/42 MAPK activation. We hypothesized that Ac-SDKP
inhibits collagen production in part by regulating SHP-2 and/or MKP activity and thereby
blunting p44/42 MAPK activation in ET-1-stimulated cardiac fibroblasts. To test our
hypothesis, we used ET-1-stimulated RCFs to determine whether 1) Ac-SDKP counteracts
the regulatory effect of ET-1 on PTP activity, including SHP-2; 2) Ac-SDKP stimulates
MKP-2 and/or MKP-3 to downregulate p44/42 MAPK activity; and/or 3) knockdown of
SHP-2 by SHP-2 short hairpin RNA (shRNA) or a SHP-2 inhibitor alters the inhibitory
effect of Ac-SDKP on p44/42 MAPK phosphorylation and collagen production.

Materials and Methods
Materials

Fetal bovine serum (FBS) was purchased from HyClone (Logan, UT). Low glucose
Dulbecco’s modified Eagle’s medium (DMEM) and cell culture materials were obtained
from Invitrogen (Carlsbad, CA), ET-1 and Ac-SDKP from Bachem (Torrance, CA), sodium
orthovanadate (Na3VO4) from Sigma (Saint Louis, MO), and malachite green-phosphatase
assay kits from Promega (Madison, WI). Okadaic acid (OA), protein G plus/protein A-
agarose and NSC-87877 (8-hydroxy-7-(6-sulfonaphthalen-2-yl)diazenyl-quinoline-5-
sulfonic acid, disodium salt), a Src homology 2-containing protein tyrosine phosphatase
(SHP)-1/2 inhibitor, were purchased from Calbiochem (Gibbstown, NJ). SHP-2 shRNA
lentiviral particles and their controls along with related transfecting materials were obtained
from Santa Cruz (Santa Cruz, CA). The mouse monoclonal antibody against SHP-1 came
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from BD Transduction Laboratories (Franklin Lakes, NJ), the rabbit polyclonal antibody
against SHP-2 or MKP-3 from Santa Cruz who also provided us with normal rabbit IgG, and
the rabbit antibodies against p44/42 MAPK, phosphorylated p44/42 MAPK and GAPDH
from Cell Signaling Technology (Danvers, MA).

Cell Culture
Primary cultures of cardiac fibroblasts were derived from adult male Sprague-Dawley rats
weighing 200 to 250 g (Charles River, Wilmington, MA) using a modified version of
Eghbali’s method [9]. Fibroblasts were grown in low glucose DMEM with 10% FBS. Cells
at passage 2 or 3 were made quiescent by culturing them in DMEM without FBS for 24
hours before each treatment. Cell viability was determined by counting cells on a
hemocytometer in the presence of 0.04 % trypan blue. This protocol was approved by the
Henry Ford Hospital Institutional Animal Care and Use Committee (IACUC).

Western blot
Equal amounts of protein were subjected to 10% SDS-PAGE under reducing conditions and
electrotransferred to a nitrocellulose membrane. Membranes were treated with blocking
buffer (TBS/0.1% Tween 20 containing 5% nonfat dry milk) and incubated with the primary
antibody overnight at 4°C. Bound antibodies were visualized using secondary antibodies
combined with conjugated horseradish peroxidase (Cell Signaling Technology) and ECL
reagent (Amersham Biosciences, Piscataway, NJ). After we located the primary targeted
protein, we treated the blots with a stripping buffer (Pierce, Rockford, IL) and reblotted with
an antibody against GAPDH or p44/42 MAPK. Band intensity was quantified by
densitometry. SHP-2 and MKP-3 were normalized to GAPDH, and phosphorylated p44/42
MAPK to p44/42 MAPK. The final results are expressed as fold increase compared with
control.

Protocols
Effect of phosphatase inhibitors on ET-1-stimulated phosphorylation of
p44/42 MAPK—In order to test whether PTPs or serine/threonine phosphatases are
involved in ET-1-stimulated p44/42 MAPK phosphorylation, we first examined the effect of
Na3VO4 or OA on phosphorylation of p44/42 MAPK in cells stimulated with ET-1. Cells
with 80% confluence in 6-well plates were pretreated with OA (10 nM) [25,29] or Na3VO4
(100 μM) [29] for 1 hour and then stimulated with ET-1 for 10 - 15 minutes. Whole cell
lysates were prepared in 100 μl of a 1:1 mixture of 2 × reducing sample buffer (Bio-Rad)
and RIPA lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 5 mM EDTA, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS) and maintained at −72°C until assayed for
phosphorylated p44/42 MAPK.

Effect of Ac-SDKP on PTPs—Cells with 80% confluence in 100-mm tissue culture
dishes were pre-incubated with 10 nM Ac-SDKP for 30 minutes, followed by stimulation
with ET-1 for 10 minutes. They were then washed twice with cold phosphate-free storage
buffer (25 mM Tris-HCl, pH 7.0, and 2 mM EDTA) and lysed at 4°C in 170 μl storage
buffer containing 0.4% Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride and a protease
inhibitor cocktail (Roche, Indianapolis, IN). The lysates were centrifuged at 16,000 g for 10
minutes at 4°C, either using the supernatants for PTP assay or storing them at −72°C until
assay. Tyrosine phosphatase activity was measured following Promega’s protocol, which
involves incubating 4 μg proteins with the reaction solution for 40 minutes at room
temperature. Free phosphate turned the sample green, which was quantified by measuring
absorbance at 620 nm with a plate reader and expressing PTP activity as a percentage of
control.
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Effect of Ac-SDKP on SHP-2 and MKP-3 activity—Since MKP-1 is reportedly an
immediate early gene product expressed mainly in the nucleus as early as 30 minutes after
stimulation with serum [3,27], whereas Ac-SDKP inhibited p44/42 MAPK phosphorylation
in the first 5 minutes after fetal calf serum or ET-1 stimulation [23,34], we rejected the
possibility that Ac-SDKP could downregulate the p44/42 MAPK signaling pathway via
MKP-1. In our pilot study, we were unable to detect SHP-1 and MKP-2 expression in RCFs
by Western blot; therefore, we measured SHP-2 and MKP-3 activity instead. Quiescent
RCFs in 100-mm tissue culture dishes were pretreated with vehicle or Ac-SDKP for 30
minutes before adding ET-1 to the medium and incubating the samples for 10 minutes. The
cells were lysed in 150 μl lysis buffer (25 mM Tris-HCl, 2 mM EDTA, 0.4% Triton-X 100,
pH 7.5, and a fresh protease inhibitor cocktail from Roche) at 4°C for 30 minutes. Lysates
were centrifuged at 16,000 g for 10 minutes at 4°C and 200 μg protein taken from the
supernatants was immunoprecipitated with an anti-SHP-2 or MKP-3 antibody plus protein G
plus/protein A-agarose following Santa Cruz’s protocol. The immune complex pellets were
assessed for PTP activity using a commercial kit (V2471; Promega, Madison, WI). The
pellets were washed with phosphate-free storage buffer and resuspended in 50 μl tyrosine
phosphatase reaction buffer, then maintained at room temperature for 40 minutes, shaking
the tube to resuspend the beads every 5 to 10 minutes. The pellets were spun at 14,000 g at 4
°C for 5 seconds. The spun supernatants were transferred to 96-well plates and 50 μl
molybdate dye/additive mixture added to each well. Free phosphate turned the sample green,
which was quantified by measuring absorbance at 620 nm with a plate reader. Absorbance
of the sample was normalized to control (normal IgG) by subtracting the background signal
of control IgG from lysate immunoprecipitates. The immune complexes on the agarose
beads were resuspended in 25 μl 2 × reducing buffer (Bio-Rad, Hercules, CA), boiled and
SHP-2 or MKP-3 detected by Western blot.

Effect of Ac-SDKP on SHP-2-regulated phosphorylation of p44/42 MAPK—0.5
× 105 cells per well were seeded in 12-well tissue culture plates in 1 ml low-glucose DMEM
with 10% FBS and grown for 18-24 hours until 70% confluence. shRNA lentiviral particles
at a multiplicity of infection of 5 (2 × 104 infectious forming units) from Santa Cruz were
transfected into RCFs according to the manufacturer’s instructions and positive clones
selected with 5 μg/ml puromycin. Transfected cells exhibiting >98% inhibition of SHP-2
expression were pretreated with Ac-SDKP for 30 minutes and then stimulated with ET-1 for
10 minutes. Whole-cell lysates were prepared in 30 μl of a 1:1 mixture of 2 × reducing
sample buffer (Bio-Rad) and RIPA lysis buffer and maintained at −72°C until examined for
phosphorylated p44/42 MAPK or SHP-2 by Western blot.

Effect of Ac-SDKP on SHP-2-regulated collagen production—To test whether the
inhibitory effect of Ac-SDKP on ET-1-stimulated collagen production was partly due to
increased SHP-2 activity and resultant downregulation of p44/42 MAPK activation, we first
attempted to use cells transfected with SHP-2 shRNA but found out they could not survive
in low glucose DMEM with only 0.4% FBS for an additional 48 hours. Unfortunately, we
were unable to find a specific SHP-2 inhibitor; nevertheless, our inability to detect SHP-1 on
Western blot (data not shown) as well as others [30] suggests SHP-1 is not expressed in
RCFs. Therefore, we used an SHP-1/2 inhibitor, NSC-87877, to block SHP-2 and found that
the cells grew well. Quiescent cells in 6-well plates were cultured in low glucose DMEM
with 0.4% FBS and 0.15 mM L-ascorbic acid; they were incubated first in NSC-87877 (50
μM) for 3 hours and then in vehicle or Ac-SDKP (10 nM) for 30 minutes, followed by ET-1
(10−8M) for 48 hours. Collagen content in the conditioned medium was measured by
hydroxyproline assay [7,20]. Protein content of cell lysates was measured using Coomassie
reagent (Thermo Scientific, Rockford IL). Collagen content was expressed as μg/mg
protein, assuming that collagen contains an average of 13.5% hydroxyproline [6].
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Statistical Analysis
All variables were tested by analysis of variance (ANOVA) with contrast. Each dose of
ET-1 was compared to Ac-SDKP and Hochberg’s method used to determine significance.
Control versus ET-1 was considered a single comparison where significance was defined as
p < 0.05. Values are expressed as mean ± SEM.

Results
PTPs are involved in ET-1-stimulated phosphorylation of p44/42 MAPK

After blocking PTP activity with a nonselective PTP inhibitor, sodium orthovanadate
(Na3VO4; 100 μM), both basal and ET-1-stimulated phosphorylated p44/42 MAPK levels
increased significantly (Fig. 1); at this dose Na3VO4 did not affect cell viability (4.95 ± 0.1
× 105 in controls vs 4.99 ± 0.16 × 105 cells in Na3VO4-treated cells; n = 3). However, a
nonselective serine/threonine inhibitor, OA (10 nM), had no effect, suggesting that PTPs
counteract ET-1-stimulated activation of p44/42 MAPK.

Ac-SDKP blocks ET-1-induced inhibition of PTP activity
We found that ET-1 reduced PTP activity after 10 minutes incubation and Ac-SDKP from 1
to 100 nM prevented this effect in a dose-dependent fashion, whereas Ac-SDKP alone at
high dose had no effect (Fig. 2). Therefore, we used 10 nM Ac-SDKP for all further
experiments.

SHP-2 is involved in the response to ET-1 in RCFs, but MKP-3 is not
Ac-SDKP counteracts the inhibitory effects of ET-1 on SHP-2 activity. Since SHP-2
reportedly contributes to negative regulation of the ET-1 signaling pathway [4] in cardiac
fibroblasts, we questioned whether SHP-2 is involved in regulation of ET-1-stimulated
signaling, extracting SHP-2 from RCF lysates by immunoprecipitation and looking for
phosphatase activity. We found that SHP-2 activity was significantly decreased 10 minutes
after ET-1 stimulation and this decrease was prevented by Ac-SDKP (Fig. 3). To test
whether MKP-3 regulates ET-1-induced p44/42 MAPK activation, we examined both
expression and activity of MKP-3 and found that RCFs constitutively expressed MKP-3
protein (Fig. 4a); however, we observed no significant differences in MKP-3 activity
between control and ET-1-treated cells after 10 minutes incubation (Fig. 4b), ruling out the
possibility that MKP-3 could be part of the ET-1 signaling pathway in RCFs.

The inhibitory effect of Ac-SDKP on ET-1-stimulated p44/42 MAPK phosphorylation is
blocked in SHP-2 shRNA-treated cells

To determine a) whether ET-1-induced p44/42 MAPK activation is related to decreased
SHP-2 activity and b) whether this process is influenced by Ac-SDKP, we transfected RCFs
with SHP-2 shRNA lentiviral particles. 98.7% of SHP-2 protein expression was blocked in
cells transfected with SHP-2 shRNA (Fig. 5); this inhibition resulted in reduced ratio of
phosphorylated to total p44/42 MAPK with 0.15 ± 0.05 A.U. in control shRNA and 0.01 ±
0.006 in SHP-2 shRNA-treated quiescent cells (p < 0.05) Fig. 6), indicating that under basal
conditions SHP-2 positively regulates p44/42 MAPK phosphorylation in RCFs.

SHP-2 shRNA-transfected cells were pre-incubated with Ac-SDKP for 30 minutes followed
by incubation with ET-1 for 10 minutes and phosphorylated p44/42 MAPK was detected by
Western blot. We found that ET-1 induced significant phosphorylation of p44/42 MAPK in
all cells but this effect was even greater in the cells with SHP-2 knockdown (Fig. 6).
Interestingly, Ac-SDKP inhibited ET-1-induced phosphorylated p44/42 MAPK only in cells
transfected with control shRNA but not in the cells with SHP-2 knockdown (Fig. 6),
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suggesting that the inhibitory effect of Ac-SDKP on p44/42 MAPK activation could be
mediated by SHP-2.

The inhibitory effect of Ac-SDKP on ET-1-induced collagen production is diminished in
cells treated with an SHP1/2 inhibitor

To find out whether the inhibitory effect of Ac-SDKP on ET-1-induced collagen is
associated with SHP-2 activity, we first attempted to use cells transfected with SHP-2
shRNA but found out that addition of ET-1 in low glucose media with only 0.4% FBS for an
additional 48 hours was associated with massive cell death. Alternatively, we used a
SHP-1/2 inhibitor [26], NSC-87877, to block SHP-2 since SHP-1 is not expressed in RCFs
[30]. Adding ET-1 for 48 hours significantly increased collagen production with or without
preincubation with NSC-87877. We found that 1) basal collagen production was not
significantly different in both SHP-2-inhibited and non-inhibited cells and ET-1 induced a
similar significant increase in collagen content in both groups of cells, and 2) Ac-SDKP
significantly inhibited ET-1-stimulated collagen production in untreated cells but failed to
inhibit collagen production in cells treated with NSC-87877 (Fig. 7). These results suggest
that 1) SHP-2 does not play an important role in basal collagen production by RCFs but does
influence collagen production in ET-1-stimulated cells, and 2) Ac-SDKP inhibits ET-1-
stimulated collagen production through mechanisms related to SHP-2.

Discussion
We hypothesized that Ac-SDKP inhibits collagen production in part by counteracting the
decrease in SHP-2 and/or MKP activity and thereby downregulating p44/42 MAPK in
cardiac fibroblasts treated with ET-1. We found that 1) ET-1 stimulation for 10 minutes
significantly reduced SHP-2 activity but had no effect on MKP-3, and this reduction was
prevented by Ac-SDKP; 2) Ac-SDKP inhibited ET-1-induced p44/42 MAPK
phosphorylation in cells transfected with control shRNA but had no effect in cells
transfected with SHP-2 shRNA; and 3) Ac-SDKP blunted ET-1-stimulated collagen
production in normal cells but not in those treated with an SHP-1/2 inhibitor, NSC-87877.
We concluded that in cardiac fibroblasts the inhibitory effect of Ac-SDKP on ET-1-
stimulated collagen production may be mediated by preserving SHP-2 activity and thus
possibly counteracting p44/42 MAPK activation.

A PTP inhibitor, sodium orthovanadate, markedly increased p44/42 MAPK phosphorylation
by itself and ET-1 treatment enhanced this effect; however, a serine/threonine inhibitor, OA,
had no effect (Fig. 1). This suggests that PTPs are involved in p44/42 MAPK activation in
cardiac fibroblasts stimulated with ET-1, whereas serine/threonine phosphatases are not.
Since Chen et al reported that ET-1 transiently inhibited SHP-2 activity of RCFs, increasing
phosphorylation of epidermal growth factor receptors and p44/42 MAPK [4], we wanted to
confirm whether ET-1 exerts any effect on SHP-2, and also found that ET-1 reduced SHP-2
activity. To demonstrate the role of SHP-2 in activation of p44/42/MAPK, we knocked
down SHP-2 with a shRNA and detected phosphorylated p44/42 MAPK, similar to Chen et
al [4]. In our study, after SHP-2 depletion ET-1 stimulation induced stronger p44/42 MAPK
activation than in SHP-2 intact cells when compared to their own control cells. However,
unlike Chen, we found that basal phosphorylated p44/42 MAPK was decreased. In most
cells, including embryonic fibroblasts, HEK293 and glioblastoma cells, phosphorylation of
p44/42 MAPK (induced by epidermal growth factor) was inhibited when SHP-2 was
depleted with either a SHP-2 inhibitor or SHP-2 small interfering RNA [24] [5,32].
Therefore, SHP-2 appears to either positively or negatively regulate growth factor-induced
cellular signaling depending on the type of cell and stimulus involved. To determine
whether the counteracting effect of Ac-SDKP on ET-1-induced p44/42 MAPK
phosphorylation is due to its effect on SHP-2 activity, we blocked the SHP-2 gene by
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transfecting cells with an SHP-2 shRNA and treated them with ET-1 in the presence or
absence of Ac-SDKP. We found that in cells with SHP-2 ShRNA, ET-1 induced significant
phosphorylation of p44/42 MAPK; the inhibitory effect of Ac-SDKP on p44/42 MAPK
activation was abolished in SHP-2 shRNA-but not in control shRNA-transfected cells,
suggesting that Ac-SDKP acts in part by targeting SHP-2.

We previously found that Ac-SDKP inhibited ET-1-induced collagen production by cultured
RCFs and this effect was partially blocked by PD 98059, a MEK inhibitor [23], suggesting
that Ac-SDKP’s inhibitory effect is mediated in part by inactivating MAPK signaling. In the
present study, even though SHP-2 depletion reduced p44/42 MAPK phosphorylation in
quiescent cardiac fibroblasts, collagen content was similar between control shRNA- and
SHP-2 shRNA-transfected cells, suggesting that p44/42 MAPK does not play a crucial role
in collagen production in quiescent cardiac fibroblasts. The inhibitory effect of Ac-SDKP on
p44/42 MAPK phosphorylation was blocked in ET-1-treated RCFs after deletion of SHP-2,
and NSC-87877 significantly blunted the inhibitory effect of Ac-SDKP on collagen
production by cells stimulated with ET-1. These results suggest that in ET-1-stimulated
cells, p44/42 MAPK activation positively regulates collagen production and Ac-SDKP
inhibits this activation in part by stabilizing SHP-2 activity, thus reducing collagen
production.

P44/42 MAPK could be activated by a variety of growth factors and cytokines. We
previously reported that Ac-SDKP suppressed p44/p42 MAPK phosphorylation in TGF-1-
stimulated human cardiac fibroblasts, associated with reduced fibroblast proliferation and
myofibroblast differentiation and hence collagen production [19]. In addition, in
aldosterone/salt-induced hypertension the antifibrotic effects of Ac-SDKP on the heart and
kidney are accompanied by inhibition of p44/42 MAPK activation [18]. Therefore, we
speculate that Ac-SDKP’s inhibitory effects on p44/42 MAPK activation may also be
partially mediated through Ac-SDKP-preserved conventional PTP activity and hence a
decrease in p44/42 MAPK phosphorylation.

Since MKP-3 is specific for dephosphorylation of p44/42 MAPK and resides in the
cytoplasm [10], we measured MKP-3 activity by extracting MKP-3 by immunoprecipitation
and performing an immune complex PTP assay. We found that MKP-3 was constitutively
expressed in RCFs and its activity remained unchanged following stimulation with ET-1 for
30 minutes, suggesting that it is not involved in the early ET-1 signaling pathway in RCFs.
Therefore, we believe our study shows for the first time that in cardiac fibroblasts, Ac-
SDKP lowers collagen production in cardiac fibroblasts stimulated with ET-1 by preserving
SHP-2 activity and thereby counteracting the marked increase in p44/42 activation.

These findings provide further evidence that Ac-SDKP is a potent inhibitor of collagen
production in cardiac fibroblasts. When plasma and/or tissue levels of Ac-SDKP are
elevated in patients treated with an ACEi, it may act as an endogenous antifibrotic factor.
More importantly, design and synthesis of a new analogue of Ac-SDKP that is resistant to
ACE or endopeptidases would be beneficial in treating or preventing fibrosis in patients with
diabetes, hypertension and other cardiovascular diseases, and thus avoiding the undesirable
side effects of ACEi.
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Fig. 1.
Effect of phosphatase inhibitors on p44/42 MAPK activation in cardiac fibroblasts treated
with ET-1. A nonselective protein tyrosine phosphatases (PTPs), sodium orthovanadate
(Na3VO4, 100 μM), significantly increased phosphorylated p44/42 MAPK under both basal
condition and ET-1 stimulation, suggesting that PTPs are involved in activation of p44/42
MAPK in cardiac fibroblasts.* p < 0.001, ET-1 or Na3VO4 alone vs control; † p < 0.001,
Na3VO4 plus ET-1 vs ET-1 alone; # p < 0.001, Na3VO4 plus ET-1 vs Na3VO4 alone (n = 3 -
4 per group)
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Fig. 2.
Effect of Ac-SDKP on protein tyrosine phosphatases (PTP) activity in cardiac fibroblasts
treated with ET-1 for 10 minutes. ET-1 significantly reduced PTP activity and Ac-SDKP
prevented this reduction in a dose-dependent manner. * p < 0.001, ET-1 alone vs control; † p
< 0.05, Ac-SDKP plus ET-1 vs ET-1 alone; # p < 0.001, Ac-SDKP plus ET-1 vs ET-1 alone
(n = 3 - 7 per group)
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Fig. 3.
Effect of Ac-SDKP on SHP-2 activity in cardiac fibroblasts treated with ET-1 for 10
minutes. ET-1 significantly reduced SHP-2 activity and this was prevented by Ac-SDKP. *
p < 0.001, ET-1 alone vs control; † p < 0.001, Ac-SDKP plus ET-1 vs ET-1 alone (n = 5 per
group)
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Fig. 4.
Representative Western blot showing a) MAPK phosphatase (MKP)-3 expression and b)
activity in cardiac fibroblasts treated with 10−8M ET-1 for 10 minutes. Cells constitutively
expressed MKP-3 and there were no significant differences in protein or activity between
controls and ET-1-treated cells. (n = 3 - 5 per group)
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Fig. 5.
a) Representative Western blot for SHP-2 in control- or SHP-2 shRNA-transfected
fibroblasts. In cells transfected with SHP-2 shRNA, SHP-2 protein was almost depleted; b)
Quantitative analysis of SHP-2 expression in cardiac fibroblasts transfected by control or
SHP-2 shRNA. Data is from two individual transfections.

Peng et al. Page 15

Pflugers Arch. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
a) Representative Western blot and b) quantitative data for phosphorylated p44/42 MAPK
levels in cells treated with either control or SHP-2 shRNA and challenged with ET-1 for 10
minutes in the presence or absence of Ac-SDKP. Phosphorylated p44/42 MAPK was
normalized to p44/42 MAPK. ET-1 induced an 11- and 6-fold increase in phosphorylated
p44/42 MAPK in the SHP-2 knockdown cells and controls, respectively. Ac-SDKP only
inhibited ET-1-induced phsophorylated p44/42 MAPK in the controls. These results indicate
that the inhibitory effect of Ac-SDKP on p44/42 MAPK activation depends on SHP-2
activity. * p < 0.005, ET-1 vs control; † p < 0.005, Ac-SDKP plus ET-1 vs ET-1 alone (n =
3 per group)
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Fig. 7.
Effects of Ac-SDKP on ET-1-stimulated collagen production in controls and NSC-87877-
pretreated fibroblasts. Basal collagen production was similar in both the controls and
NSC-87877-treated cells. Ac-SDKP significantly inhibited ET-1-stimulated collagen
production in the controls but not in the SHP-2-inhibited cells, suggesting that Ac-SDKP
inhibits ET-1-stimulated collagen production through mechanisms related to SHP-2. * p <
0.005, ET-1 vs control; † p < 0.005, Ac-SDKP plus ET-1 vs ET-1 alone (n = 4 per group)
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