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Abstract

Stanniocalcin-1 (STC-1) is a multifunctional glycoprotein with anti-oxidant and anti-inflammatory
properties. Ischemic myocardial necrosis generates ‘danger’ signals that perpetuate detrimental
inflammatory reactions often involving monocyte recruitment and their subsequent differentiation
into pro-inflammatory macrophages. Therefore, we evaluated the effects of recombinant STC-1
(rSTC-1) on monocyte phenotype and in a mouse model of myocardial infarction. Using an
established protocol to differentiate human monocytes into macrophages, we demonstrated that
rSTC-1 did not alter morphology of the differentiated cells, toll-like receptor (TLR) 4 expression,
or expression of the myeloid cell marker CD11b. However rSTC-1 treatment prior to
differentiation attenuated the rise in expression of CD14, a TLR4 co-receptor and pathogen sensor
that propagates innate immune responses, and suppressed levels of inflammatory cytokines
produced by the differentiated cells in response to the TLR4/CD14 ligand lipopolysaccharide
(LPS). Moreover, rSTC-1 treatment reduced CD14 expression in monocytes stimulated with
endogenous danger signals. Interestingly, the effects of rSTC-1 on CD14 expression were not
reproduced by a superoxide dismutase mimetic. In mice with induced myocardial infarcts,
intravenous administration of rSTC-1 decreased CD14 expression in the heart as well as levels of
TNFa, CXCL2, IL-1p and myeloperoxidase (MPO). It also suppressed formation of scar tissue
while enhancing cardiac function. The data suggests that one of the beneficial effects of STC-1
might be attributed to suppression of CD14 on recruited monocytes/macrophages that limits their
inflammatory response. STC-1 may be a promising therapy to protect the heart and other tissues
from ischemic injury.
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Introduction

Stanniocalcin-1 (STC-1) is a conserved glycoprotein with an unusual history both in terms
of its evolution and as a subject for biological research (1-3). STC-1, formerly called
hypocalcin, was named after it was discovered to be secreted by the corpuscles of Stannius,
small endocrine glands that were found in bony fish and that were initially assumed to be
adrenal glands because of their location on the ventral surface of the kidneys. However,
surgical removal of the glands caused toxic hypercalcemia and led to the finding that STC-1
is a critical regulator of plasma calcium and phosphate levels in the fishes. This role has
since been replaced in mammals by parathyroid hormone, calcitonin, and 1, 25-
dihydroxyvitamin D (3). Instead, STC-1 in mammals is produced by a variety of tissues and
has been proposed to regulate a variety of physiological and cellular functions in a paracrine/
intracrine fashion. A major intracellular target for STC-1 is mitochondria, the organelle also
targeted by other intracrines such as angiotensin Il, transforming growth factor-p, growth
hormone, atrial natriuretic peptide, and Wnt 13 (2). Binding sites for STC-1 have been
identified on cell membrane fractions and on mitochondria (4), but the major effects of
STC-1 have been difficult to define. Some observations demonstrated that STC-1 reversibly
inhibits transmembrane calcium currents through L-type channels in cardiomyocytes (5) and
decreases cytokine-induced intracellular calcium signals in macrophages (6) suggesting that
it has a continuing but diminished role in calcium metabolism. Other observations
emphasized that STC-1 increases expression of mitochondrial uncoupling proteins (UCPs)
that dissipate the proton gradient and thereby effectively uncouple oxidation from
phosphorylation (7, 8). The increase in UCPs reduces the surge of reactive oxygen species
(ROS) that is often seen with tissue injury and appears to explain, at least in part, the anti-
inflammatory and anti-apoptotic properties of STC-1 in mouse models of sepsis (9),
glomerulonephritis (10), and retinal degeneration (11). The decrease in ROS production also
appears to explain some of the effects of STC-1 in altering macrophage function (12), and
protecting cardiac myocytes from angiotensin Il-mediated injury (13). However, the role of
STC-1 on macrophage differentiation and in ischemic myocardial injury has not been
studied.

Myocardial infarction is a leading cause of morbidity and mortality worldwide despite
advances in therapy (14, 15). Myocardial tissue injury induces the release of endogenous
inflammatory mediators or ‘danger’ signals including cytokines, ROS, and humerous
intracellular factors that are normally inaccessible to the immune system but that are
liberated from necrotic cells (15). Toll-like receptors (TLRs) are among the cellular
receptors that sense many danger signals released by necrotic cells and provide a key
molecular link between tissue injury and inflammatory response (14). A growing body of
evidence suggests that inflammation after ischemic cardiac injury, especially when
persistent, can exacerbate pathological remodeling of the heart and promote heart failure;
therefore, strategies to regulate inflammatory pathways will improve prognosis after
myocardial infarction (15, 16).

Accordingly in the present report, we tested the hypotheses that STC-1 regulates
macrophage phenotype and response to inflammatory mediators, reduces inflammation in
the post-infarcted heart, and protects the heart from damage associated with ischemic injury.
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Materials and Methods

Cell Culture

The human monocyte cell line U937 was purchased from American Type Culture Collection
(ATCC, Rockville, MD). The cells were cultured in a humidified atmosphere at 37°C and
5% CO2 in macrophage medium consisting of RPMI-1640 (ATCC) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA), 100
units/ml penicillin and 100 ug/ml streptomycin (Gibco, Grand Island, NY).

Monocyte Differentiation Assay

To induce macrophage differentiation of U937 monocytes, the cells were suspended at
500,000 cells/ml in petri dishes (VWR International, Radnor, PA) and stimulated for 48
hours with 100 ng/ml of phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis,
MO). In separate experiments, U937 cells were stimulated concurrently with 5 pg/ml
recombinant human high mobility group box1 protein (HMGB1, R&D systems,
Minneapolis, MN) and recombinant human tumor necrosis factor alpha (TNFa.), interleukin
1 beta (IL-1pB), and I1L-6 (10 ng/ml each, R& D Systems). Differentiation assays were
performed in the presence or absence of 1.0 ug/ml of human rSTC-1 (BioVendor Research
and Diagnostic Products, Asheville, NC or Czech Republic), 1 mM of the superoxide donor
paraquat (Sigma-Aldrich), and/or 100 uM of the cell-permeable superoxide dismutase
mimetic MnTBAP (Sigma-Aldrich). After 48 hours, images of the cells were captured on a
Nikon Eclipse Ti-S inverted microscope using a Ds-Fil camera (Nikon, Melville, NY) and
managed with NiS Elements AR 3.0 software (Nikon). The differentiated macrophages were
subsequently harvested, counted, and processed for real-time reverse transcription
polymerase chain reaction (RT-PCR) or flow cytometry analysis.

In Vitro Inflammatory Assay

U937 monocytes stimulated for 48 hours with PMA (in the presence or absence of rSTC-1)
were seeded at 600,000 cells/ml into 24-well culture plates (Corning Incorporated, Corning,
NY). After a 3 hour recovery period, 50 ng/ml of lipopolysaccharide (LPS, Sigma-Aldrich)
was added to the cultures. In some experiments cultures of differentiated macrophages were
treated with 1.0 pg/ml rSTC-1 just prior to LPS stimulation. Five hours later, media
conditioned (CM) by unstimulated or LPS-stimulated macrophages were collected. Cells
and debris were removed from the CM by centrifugation at 500 x g for 5-10 minutes.
Several aliquots were prepared from the CM and stored at -80°C until they were used for
ELISA.

Ischemic Cardiac Injury Model

The experimental protocols were approved by the Institutional Animal Care and Use
Committee of Texas A&M University Health Science Center and in accordance with
guidelines set forth by the National Institutes of Health. Male immunodeficient NOD/SCID
mice (NOD.CB17-Prkdcscid/J, Jackson Laboratory, Bar Harbor, Maine), 7-8 weeks of age
and 25-30 grams of body weight, were used for this study to reduce the immune reaction to
human protein. The mice were kept on a 12 hour light-dark cycle and were provided sterile
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food and water ad libitum. To induce ischemic cardiac injury, mice were mechanically
ventilated and maintained under anesthesia with isoflurane (1.5%) during the course of the
procedure. The thoracic cavity was opened via an incision made at the left 5th intercostal
space to visualize the left anterior descending (LAD) coronary artery. An 8-0 prolene suture
(Ethicon, Somerville, NJ) was positioned around the LAD distal to the first diagonal branch
and permanently tied. After myocardial infarction was confirmed by ventricular blanching,
the chest was closed. rSTC-1 (2.0 mg/kg body weight) in 0.9% sodium chloride (Sigma-
Aldrich) or equal volume of saline was injected intravenously 1 hour and 24 hours after
ligation. To alleviate post-operative discomfort, buprenorphine (0.1 mg/kg) was
administered subcutaneously twice daily for up to 5 days. For endpoint assays, the mice
were euthanized by intraperitoneal injection of ketamine (80 mg/kg) and xylazine (8 mg/kg).
Blood was collected via the facial vein, or via cardiac puncture for endpoint measurements,
and processed to evaluate levels of serum cardiac troponin | (cTnl) by ELISA (Life
Diagnostics Incorporated, West Chester, PA). Levels of inflammatory mediators in the heart
were determined from cardiac tissue lysates prepared 48 hours after ligation. Cardiac
function was evaluated on day 21 and mice were euthanized to determine infarct size.

Evaluation of Cardiac Function

Cardiac function was determined by transthoracic echocardiography 21 days after LLDCA
using a 30 or 40 MHz transducer supported by a Vevo 2100 ultrasound instrument
(VisualSonics Inc., Toronto, Canada). The procedure was performed on mice under
isoflurane anesthesia. Heart rate was maintained at 320-400 beats per minute. Left
ventricular ejection fraction (LVEF) and other parameters of cardiac function were evaluated
from the parasternal long axis position (Supplemental Videos) by tracing end-systolic and
end-diastolic endocardial boundaries using B-mode recordings. The average of two separate
recordings containing 3 consecutive cardiac cycles were used per animal to obtain the
results.

Infarct Size Measurement

Measurements of infarct size were performed on hearts obtained 21 days after surgery.
Hearts were perfused with 3-5 ml of saline, excised from the chest, and fixed in 10-15 ml of
10% formalin (Sigma-Aldrich) to be processed for staining. Paraffin-embedded heart
samples were cut into 5 pm sections from the apex to the base. Every 20th section was
stained with Masson Trichrome. Quantitative assays for infarct size were performed as
described by Takagawa and colleagues (17). Images of every fifth stained section covering
both ventricles (total of 10 sections per heart) were acquired using a Photometrics Coolsnap
HQ2 camera mounted on a Nikon Eclipse Ti-E inverted microscope (Nikon). NiS Elements
AR 3.0 software (Nikon) was used to measure midline infarct length of heart.

Real-Time RT-PCR

Total RNA was isolated from U937 cells or homogenized heart tissue using RNeasy Mini
Kit (Qiagen, Valencia, CA) with DNase | (RNase-Free DNase Set, Qiagen) digestion step.
The isolated RNA was quantified with nanodrop spectrophotometer (ThermoFisher
Scientific, Rockford, IL) and converted to complementary DNA (cDNA) with High-
Capacity cDNA RT Kit (Applied Biosystems, Technologies, Grand Island, NY). Real-time
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RT-PCR was performed in triplicate for expression of human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), CD11b (ITGAM), CD14, TLR2, and TLR4, as well as mouse
Tnf, Ucp2, and Ucp3 using TagMan® Gene Expression Assays (Applied Biosystems,
Technologies) and TagMan® Fast Master Mix (Life Technologies). Total of 20 ng of cDNA
was used for each 20 pl reaction. Thermal cycling was performed with 7900HT System
(Applied Biosystems, Technologies) by incubating the reactions at 95° C for 20 seconds
followed by 40 cycles of 95° C for 1 second and 60° C for 20 seconds. Data were analyzed
with Sequence Detection Software V2.3 (Applied Biosystems, Technologies) and relative
quantitation (RQ) was calculated with comparative critical threshold (Ct) method using RQ
Manager V1.2 (Applied Biosystems, Life Technologies).

Enzyme-linked immunosorbent assay (ELISA) for markers of inflammation

Levels of the inflammatory mediators TNFa and chemokine C-X-C motif ligand 2 (CXCL2)
were determined in cell-free U937 CM using commercially available ELISA Kits (TNFa
was from R&D Systems and CXCL2 from Abnova, Taipei City, Taiwan). To determine
levels of inflammation in the heart, ventricular tissue was minced with surgical scissors,
transferred to tissue extraction reagent | (Life Technologies) containing 1x of Halt protease
inhibitor cocktail (ThermoFisher Scientific), and homogenized using a PowerGen model 125
tissue grinder (ThermoFisher Scientific). The lysates were centrifuged at 1,000 x g for 10
minutes 4°C. The protein rich supernatant was transferred to new tubes and centrifuged at
12,000 x g for 10 minutes. Several aliquots were prepared from the supernatants and stored
at -80°C. Protein concentration was determined with micro BCA protein assay kit
(ThermoFisher Scientific) per manufacturer's instructions. Levels of mouse myeloperoxidase
(MPO), CD14, CXCL2, and IL-1p were measured using commercially available ELISA Kits
(CD14 and IL-1p were form R&D Systems, CXCL2 from Abnova, and MPO from Hycult
Biotech, Plymouth Meeting, PA). The optical density was determined on a plate reader
(FLUOstarOmega; BMG Labtech) at an absorbance of 450 nm with wavelength correction
at 540 nm. Where appropriate, samples were diluted prior to running the assay so that the
optical density detected for the sample fit within the standard curve of the ELISA kit.

Flow Cytometry Analysis

Cell surface expression of CD11b and CD14 was determined by flow cytometry. U937 cells
were suspended at 2,000 cells/ul in 100 pl of cold PBS (Gibco) containing 2% FBS and then
incubated for 20 min with 20 pl of human Fc receptor binding inhibitor (Affymetrix
eBioscience, San Diego, CA). Without washing by centrifugation, cell suspensions were
labeled with 0.2 ug of fluorescein-conjugated antibodies to CD11b (Clone Bearl, Beckman
Coulter, Brea, CA) or CD14 (Clone RMO52, Beckman Coulter) for 20 min at room
temperature. Isotype matched antibodies were used as controls. After 2 washes in PBS, cells
were again suspended in PBS containing 2% FBS and analyzed on an FC500 flow cytometer
(Beckman Coulter). A minimum of 10,000 events was examined from the viable cell
population. Data were analyzed using CXP Software (Beckman Coulter).
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Statistical Analyses

Results

Unpaired two-tailed Student's t-test was used to compare data sets consisting of two
treatment groups. One-way ANOVA was used to calculate levels of significance between
multiple groups. Statistical analysis was performed with Graphpad Prism 5 software.

Recombinant STC-1 modulates the inflammatory response of differentiated human
monocytes in vitro

To evaluate the effects of rSTC-1 treatment on monocyte differentiation and inflammatory
response, we modified an established protocol that uses the protein kinase C (PKC) activator
PMA to promote differentiation of U937 human monocytes into macrophages (18). Here,
U937 cells were stimulated with 100 ng/ml of PMA for 48 hours in the presence or absence
of 1 pg/ml rSTC-1. The differentiated U937 cells were harvested, re-plated, and activated
with 50 ng/ml of LPS. Five hours later, CM was collected (Fig. 1A) and used to measure
production of inflammatory cytokines/chemokines. As shown, PMA-differentiated U937
cells secreted high levels of TNFa and CXCL2 in response to LPS (Figs. 1B-C). Addition of
rSTC-1 to the cultures prior to PMA treatment significantly reduced the secretion of these
factors (Figs. 1B-C). We then examined the effects of rSTC-1 on inflammatory response of
newly differentiated macrophages by first treating U937 cells with PMA for 48 hours to
induce differentiation, and then with rSTC-1 immediately prior to LPS stimulation (Fig.
1D). Secretion of TNFa and CXCL2 in response to LPS was unchanged by treatment with
rSTC-1 when the protein was applied to the cultures after the cells were differentiated (Figs.
1E-F). Similarly, the anti-inflammatory effects of rSTC-1 on differentiated mouse
macrophages was negligible (data not shown). Together, the results showed that rSTC-1
treatment, during monocyte differentiation but not after, suppressed macrophage response to
LPS, suggesting that STC-1 alters expression of cell-surface receptors that transmit signals
from inflammatory stimuli.

Expression of cell surface markers/receptors on differentiating monocytes are regulated

by STC-1

To explore potential mechanism(s) driving the anti-inflammatory effects of rSTC-1 observed
here, we evaluated changes in the phenotype of U937 cells in response to PMA and rSTC-1.
Specifically, we measured changes in cell-surface markers associated with monocyte
maturation and their response to LPS and other danger signals. In these experiments, U937
cells were stimulated with PMA for 48 hours in the presence or absence of rSTC-1 and then
analyzed by microscopy, flow cytometry, and real-time RT-PCR (Fig. 2A). In culture,
undifferentiated U937 monocytes propagate in suspension as single cells that ultimately
form adherent colonies in the presence of PMA (Fig. 2B). Analysis by microscopy revealed
that cells treated simultaneously with PMA and rSTC-1 shared a similar morphology to cells
incubated with PMA alone (Fig. 2B). We next assayed for changes in expression of
monocyte/macrophage surface markers by flow cytometry. We observed a dramatic increase
in cell surface expression of CD11b and CD14 on PMA-differentiated macrophages (Fig.
2C). Interestingly, rSTC-1 treatment caused a marked reduction in cell surface expression of
CD14 without changing CD11b levels (Fig. 2C). Since CD14 is a well-known co-receptor
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for TLR2 and TLR4 (19), we examined mRNA levels of these TLRs in addition to CD11b
and CD14by real-time RT-PCR. As expected, the expression of CD11b, CD14, TLRZ2, and
TLR4was increased in U937 cells differentiated with PMA (Figs. 2D-G); however, we
detected a notable decline in CD14 message levels after treatment with PMA and rSTC-1
(Fig. 2E) but did not detect significant effects of rSTC-1 on amount of CD11band TLR4
mRNA (Figs. 2D, F). In contrast, the expression of 7LR2was significantly increased in
U937 cells treated with rSTC-1 (Fig. 2G).

Since the beneficial effects of STC-1 have been mostly attributed to its anti-oxidant
properties, we determined if STC-1 suppressed CD14 by modifying levels of ROS,
particularly superoxide. To this end, we employed a superoxide generator (paraquat) and a
cell-permeable superoxide dismutase mimetic (MnTBAP) in our assays (20). As shown,
treatment with MnTBAP and paraquat did not appear to prominently alter the effects of
PMA on U937 cell aggregation (Fig. 2H) or expression of CD11b (Fig. 21). MnTBAP
unexpectedly did not decrease CD14 levels in PMA-stimulated monocytes in contrast to
rSTC-1 (Fig. 2J). Moreover, paraquat did not reverse the inhibitory effects of rSTC-1, but
instead decreased CD14 expression to a greater extent (Fig. 2J). The observed effects with
paraquat were likely not due to its potential cyto-toxicity given that expression of CD11b
was maintained (Fig. 21). Moreover, U937 cells have been previously reported to be highly
resistant to the toxic effects of paraquat (21). These data suggest that rSTC-1 suppresses
monocyte/macrophage response to danger signals by blunting the upregulation of the TLR
co-receptor CD14 in differentiating macrophages independent of its ability to reduce ROS.

Recombinant STC-1 suppresses the rise in CD14 expression induced by DAMPS and
inflammatory cytokines

To further explore the role of STC-1 on monocyte-to-macrophage differentiation, we
evaluated the effects of rSTC-1 on expression of CD11b and CD14 in U937 monocytes in
response to numerous inflammatory stimuli classically associated with ischemic tissue
injury. As shown, U937 cells were stimulated with a pro-inflammatory cocktail consisting of
5 pg/ml human HMGBL1 and 10 ng/ml each of recombinant human TNFa, IL-1pB, and IL-6
(Figs. 3A). After 48 hours, differentiated macrophages were lysed to quantify mRNA levels
of CD11b and CD14 by real-time RT-PCR. The expression of CD11b was increased
significantly after the cells were stimulated with the inflammatory cocktail in the presence
and absence of rSTC-1 (Fig. 3B). In contrast, we observed a dramatic reduction in U937 cell
expression of CD14 in the presence of rSTC-1 (Fig. 3C) similar to that observed previously
with PMA treated cells. The data indicates that STC-1 could suppress inflammatory
response of newly differentiated macrophages in the ischemic tissue microenvironment by
inhibiting CD14 expression.

CD14 expression and inflammatory response in the ischemic heart were diminished by
intravenous administration of rSTC-1

Based on our observations demonstrating the inhibitory effects of rSTC-1 on macrophage
CD14 expression and response of the cells to TLR agonists, we hypothesized that rSTC-1
treatment reduces inflammation following myocardial infarction and protects the ischemic
heart. For these experiments, NOD/SCID mice were chosen as a model to permit use of the
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same human STC-1 that we employed in our /n vitro assays and prior studies (11), while
limiting an immune response against the protein. A myocardial infarct was generated in the
mice by permanent LLDCA (Fig 4A), a model which has been reported to impose sufficient
myocardial deterioration and create the experimental window necessary to assess cardiac
functional improvements and anti-inflammatory therapies (22). STC-1 was administered
intravenously 1 hour and 24 hours after ligation (Fig 4A) at a dose (2.0 mg/kg) that
effectively increased renal UCP2 expression in preliminary studies (Fig. 4B). Given that
increased UCP2 has been shown to protect the kidneys from tissue damage following
ligation of the renal artery and STC-1 treatment (23), we subsequently elected to use this
dose of rSTC-1 for the remainder of our /n vivo experiments. Reproducibility of myocardial
infarction after LLDCA was assessed by measuring amount of cTnl released from the
necrotic heart into the serum (24) as a function of time (Fig. 4C) and following rSTC-1
therapy (Fig. 4D). The data showed that cTnl levels peaked in the serum 24 hours after
coronary ligation as expected (Fig 4C). Treatment with rSTC-1 did not alter peak cTnl levels
(Fig. 4D), suggesting the level of infarction was uniform between groups.

To study the effects of rSTC-1 on inflammation, mice were euthanized 48 hours after
surgery and the heart tissues were processed (Fig. 4A) for RT-PCR and ELISA. The amount
of CD14 protein was increased in heart lysates following infarction. In a manner similar to
our /n vitro data using U937 cells, administration of rSTC-1 significantly reduced levels of
CD14 (Fig. 4E) in the infarcted heart, as well as levels of other inflammatory mediators
including TNFa (Fig. 4F), CXCL2 (Fig. 4G), and IL-1p (Fig. 4H). Moreover rSTC-1
treatment reduced cardiac MPO (Fig. 4l); a bio-marker of tissue injury that is produced
mainly by activated neutrophils and macrophages, and that has powerful pro-oxidative and
pro-inflammatory properties (15, 25). Collectively, these data suggest that STC-1 could be
used therapeutically to suppress inflammation in the heart following myocardial infarction
and protect cardiomyocytes from injury directly caused by MPO. STC-1 treatment, however,
did not alter levels of UCP2 (Fig. 4J) in the infarcted heart as it did in the kidneys (Fig. 4K),
and only moderately increased UCP3 expression (Fig. 4L), suggesting that the anti-
inflammatory effects of STC-1 transpired through atypical mechanisms and regulators, at
least in part.

Intravenous administration of rSTC-1 improved heart function and reduced scar formation
in ischemic cardiac injury

To examine the therapeutic effects of rSTC-1, myocardial infarction was induced in NOD/
SCID mice followed by 2 injections of rSTC-1 (2.0 mg/kg) as described previously. Changes
in heart function were determined with echocardiography (echo) on anesthetized mice 21
days after LLDCA (Fig. 5A). All measurements were assessed in B-mode from the
parasternal long axis position (Supplemental Videos). The results showed a substantial
decrease in LVEF following coronary artery ligation that was improved significantly by
treatment with rSTC-1 (Fig. 5B). STC-1 treatment also improved fractional shortening (FS)
as well as end-systolic dimensions (Table 1), collectively suggesting that rSTC-1 treatment
enhanced contractility and systolic function. After cardiac function was evaluated, the hearts
were removed from the chest and infarct size measured from paraffin embedded sections
stained with Masson Trichrome (Figs. 5C,D). We observed that rSTC-1 decreased the length

Trans/ Res. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mohammadipoor et al. Page 9

of the ventricular infarct region (Figs. 5C,D). Thus, STC-1 treatment results in reduced
cardiac scarring and functional improvements of the ischemic heart.

Discussion

Macrophages and their precursor -monocytes- are among important immune effector cells
that instruct inflammatory processes to defend against pathogens and promote wound
healing (26). Upon tissue injury or infection, monocytes are recruited to foci of
inflammation and, in response to a variety of signals emanating from the micro-
environment, differentiate into functional tissue macrophages (15, 26). Tight control of these
processes is essential to prevent excessive inflammation and collateral tissue destruction.

The glycoprotein STC-1 originally identified as a calcium regulatory hormone in fish (1, 3)
has emerged, for multiple reasons, as a candidate to modulate monocyte behavior and
inflammatory response. First, STC-1 expression is widely distributed and responsive to
numerous stress-inducing factors including hypoxia (27, 28), oxidative stress, and
inflammation (6, 9). We reported previously that STC-1 expression is upregulated in
mesenchymal stem cells (MSCs) by signals from dying cells (29-31) and in response to
caspase activation and inflammatory cytokines (31). Second, STC-1 is reported to blunt the
rise in levels of mitochondrial ROS generated in stimulated macrophages (8) and decrease
activation of the NLRP3 inflammasome (12), a cytosolic multiprotein complex present in
myeloid cells that promotes cytokine maturation (32, 33). While mechanisms for the
pleiotropic actions of STC-1 have not been entirely defined, most studies emphasize that the
antioxidant property of the protein involves induction of UCPs and dissipation of the
mitochondrial proton gradient (8, 13, 34).

In exploring the effects of STC-1 here, we discovered that STC-1 can potentially regulate
inflammation by controlling the phenotype of differentiating monocytes and, therefore, their
response to inflammatory mediators. Specifically, we observed that STC-1 suppresses the
PKC-dependent rise in monocyte/macrophage expression of CD14, a myeloid cell co-
receptor that detects indicators of ‘danger’ originating from pathogens or damaged tissue,
and delivers these products to specific pro-inflammatory TLRs. It was intriguing here that
this noteworthy effect on CD14 expression was not reproduced by the superoxide dismutase
mimetic MnTBAP or reversed by paraquat, a superoxide generator, suggesting that the
decrease in CD14 was not driven by the anti-ROS properties of STC-1. In subsequent
experiments, we observed similar suppressive effects of STC-1 on CD14 expression in
monocytes stimulated with a variety of cytokines and danger signals classically associated
with tissue injury. Our immune system is designed to combat the threat of both infection and
injury by responding to a particular set of molecular cues or patterns that are normally
undetectable or absent. TLRs play a major role in this process by distinguishing the
conserved motifs of pathogens termed pathogen associated molecular patterns (PAMPs), and
the endogenous factors released upon sterile tissue injury collectively referred to as damage
associated molecular patterns (DAMPS). There is considerable evidence that both PAMPs
and DAMPs share many TLRs on macrophages and perpetuate inflammatory cytokine
production (33). There is also considerable evidence indicating that DAMP-mediated TLR
signaling is implicated in the pathobiology of numerous inflammatory and autoimmune
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diseases (35-37). For this reason, TLRs and factors associated with TLR signaling have
become attractive therapeutic targets (14, 33).

One of these factors, CD14, can be highly expressed by monocytes/macrophages and is
heavily implicated in the behavior of these cells. It is best known as a pattern recognition
receptor of the innate immune system that directly interacts with bacterial endotoxin (LPS)
to induce intracellular pro-inflammatory signaling cascades through TLR4. However, CD14
also recognizes peptidoglycans and products of apoptotic/necrotic cells such as the
transcription factor HMGB1 (38). The role of CD14 in disease progression has become
apparent with studies revealing that CD14 deficient mice are protected against LPS-induced
cardiac inflammation (39), ischemic tissue injury (40), and septic shock (41). Moreover,
several studies have demonstrated that TLR4 inhibition with antibodies or knockout
strategies is associated with cardiac benefits following infarction that include attenuation of
myocardial inflammation and reduction in infarct size (42-44). In some contexts, however,
activation of particular TLRs such as TLR2 can exert cardioprotective effects (45).
Specifically, TLR2 agonists have been shown to attenuate neutrophil infiltration into the
infarcted heart, suppress infarct size, and enhance cardiac ejection fraction; results that were
abrogated in TLR2-deficient mice (46). Here we report that in addition to CD14, TLR4
expression was decreased by STC1 treatment, albeit only moderately, while TLR2
expression was significantly enhanced, indicating that STC-1 can fine-tune the macrophage
response to specific DAMPS/PAMPs. Interestingly, this combination of outcomes on CD14/
TLR2/TLRA4 expression recapitulates that previously observed with anti-inflammatory
corticosteroid treatment (47) and could account for the broad therapeutic benefits of STC-1
in numerous injury models. Exactly how STC-1 differentially regulates CD14 and various
TLRs is still not entirely clear but could be accredited to its ability to shift the balance of
competing mitogen-activated protein kinase (MAPK) pathways such as ERK1/2 and p38.
For instance, STC-1 can suppress ERK1/2 signaling (20, 48) and, therefore, decrease PMA-
induced TLR4/CD14 expression which is dependent on ERK1/2 (49), while perhaps
enhancing p38 activity which is important for TLR2 expression under some circumstances
(50). Alternatively, the conserved calcium-regulatory properties of STC-1 might be
implicated as CD14 expression is sensitive to calcium chelation and calcium channel
antagonists (51).

Nonetheless, together these findings here support our initial observation that STC-1
effectively reduced cytokine production by monocytes/macrophages stimulated with LPS but
only when the protein was applied concurrently with PMA which counteracted acquisition
of a CD14 positive phenotype. These findings also explain, at least in part, our observations
that STC-1 treatment suppressed inflammation in the heart and improved cardiac function
after ischemic injury by reducing levels of cardiac CD14. Similar to the sequence of events
that accompany ischemic injury in many tissues, myocardial ischemia and the resulting
formation of necrotic cells triggers an intense inflammatory reaction that is important for
monocyte recruitment and tissue repair but when lingering can become disadvantageous for
tissue function (14-16). Interestingly, various cytokines such as IL-1p have been reported to
extend the life of inflammatory cells (15). Moreover, it has been shown that both
DAMP/TLR and IL-1 signaling can exacerbate post-infarction cardiac inflammation and
lead to symptoms of heart failure (14, 15). Here we showed that STC-1 can potentially
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protect the heart by reducing levels of IL-1B, suggesting that it could be employed in
therapeutic regimens for treatment of patients suffering from ischemic cardiac injury.
Previous studies support this concept having demonstrated that STC-1 inhibits ischemic
injury to the kidney (23) and brain (27). The improvements we noted in heart function with
STC-1 treatment were also preceded by efficient reduction in levels of MPO, an enzyme
found in neutrophils that catalyzes production of hypochlorous acid and other highly
reactive moieties with important microbicidal properties (52). However, MPO can be toxic
to cells and detrimental to the remodeling process after myocardial infarction therefore,
reduction in levels of MPO can prevent deterioration of cardiac tissue. Our data suggest that
STC-1 treatment might reduce cardiac MPO through downregulation of CD14 in the heart
and subsequently decrease macrophage response to DAMPs that signal via CD14.
Alternatively, reduction of MPO in the infarcted heart could result from the ability for
STC-1 to suppress levels of CXCL2, a potent neutrophil chemoattractant produced by mast
cells and macrophages (53); or prevent extravasation of neutrophils by decreasing
permeability of vascular endothelial cells (54).

Regardless, STC-1 is an intriguing protein that exerts multiple beneficial effects in damaged
mammalian tissue. Yet, the signaling pathways that drive STC-1 action have not been clearly
defined and specific receptors that bind STC-1 have not been determined. Moreover,
knowledge of the distribution of STC-1 following intravenous administration is lacking. As
well as our understanding of how STC-1 might specifically regulate monocyte phenotype in
vivo. While future studies are being designed to explore these concepts, it is important to
note that CD14 expression is less restricted in mice. Instead, mouse CD11b monocytes are
typically subcategorized by their expression of other factors such as Ly6C and CX3CR1
(55). Subsequently, our assessment of CD14 and inflammatory cytokines in the infarcted
mouse heart was from a global perspective. While this limitation does not downplay the
significance of our findings, it does stress the importance of executing future studies that
evaluate the therapeutic efficacy of STC-1 in a system that closely mimics the human
condition with respect to monocyte-specific features, such as a porcine model (56).

It is also important to note that we employed a permanent coronary artery ligation model
(7.e. without reperfusion) devoid of the burst in ROS associated with reperfusion injury,
suggesting that STC-1 might also exert therapeutic benefits /n vivo independent of its
familiar role as an anti-oxidant. This proposal was encouraged by our initial results that
revealed an ROS scavenger, MnTBAP, did not suppress the PKC-dependent rise in CD14
expression and, therefore, did not mimic STC-1. Moreover, the superoxide generator
paraquat did not reverse the effects of STC-1 on CD14 expression. The finding that
myocardial UCP2/UCP3 was not significantly altered by intravenous rSTC-1 treatment also
further supported our hypothesis. Nonetheless, it is still likely that STC-1 protects the
ischemic heart from injury through mechanisms that involve its power to reduce ROS and
regulate intracellular calcium, as well as other properties. It is also likely that with systemic
administration, STC-1 might not suppress cardiac inflammation by directly interacting with
cells in the heart, but instead mitigate inflammatory response by regulating the phenotype of
splenic monocytes that are actively recruited to the infarcted heart (57). This hypothesis is
further supported by previous observations that TLR inhibition prevents systemic
inflammation following myocardial infarction (42-44, 58-60). In the end, this study has
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made a significant advancement in our understanding of the therapeutic arsenal employed by
STC-1.

In conclusion, as shown in Figure 6, our data demonstrate that STC-1 regulates monocyte
phenotype in response to a variety of differentiation stimuli and, in turn, suppresses levels of
inflammatory factors produced by activated monocytes/macrophages. Moreover, we
demonstrate that STC-1 treatment effectively attenuates inflammation in the ischemic heart
and improves cardiac function. Our observations provide a novel mechanism for STC-1
action that could be important for tissue repair by preventing excessive inflammatory
response without disrupting the tissue healing properties of macrophages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief Commentary

Background: The manuscript evaluates the effects of the anti-inflammatory protein
stanniocalcin-1 (STC-1) on monocyte/macrophage differentiation and in a mouse model
of myocardial infarction.

Translational Significance: We demonstrate that STC-1 treatment reduces levels of the
pro-inflammatory TLR co-receptor CD14 on differentiating monocytes, and subsequently
their response to destructive inflammatory stimuli. Moreover, we show that STC-1
treatment reduces inflammation and scarring in the infarcted heart, and improves cardiac
function. Thus, we propose that STC-1 therapy may protect the heart and other tissues
from ischemic injury by limiting harmful responses of monocytes/macrophages, which
are recruited to sites of tissue injury, to inflammatory signals from damaged tissues.
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Figure 1. Recombinant stanniocalcin-1 (rSTC-1) treatment, prior to monocyte differentiation but
not after, suppressed the inflammatory response of macrophages to danger signals

(A) Schematic illustrating the strategy used to evaluate the effects of rSTC-1 pre-treatment
on macrophage response to lipopolysaccharide (LPS). Human U937 monocytes were
induced to differentiate into macrophages by treatment with 100 ng/ml of phorbol 12-
myristate 13-acetate (PMA) in the presence or absence of 1 pg/ml of rSTC-1. After 48
hours, differentiated macrophages were harvested, plated, and incubated for another 3 hours.
Then, macrophages were stimulated with 50 ng/ml of LPS. After 5 hours, media conditioned
(CM) by unstimulated or LPS-stimulated macrophages were collected and used to evaluate
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changes in levels of secreted TNFa (B) and CXCL2 (C) by ELISA. (D) Schematic
illustrating the strategy used to evaluate the effects of rSTC-1 on the response of
differentiated macrophages to LPS. U937 monocytes were plated in macrophage medium
supplemented with 100 ng/ml of PMA for 48 hours. Differentiated macrophages were
harvested, re-plated, and incubated with or without 1 ug/ml of rSTC-1. After 3 hours,
macrophages were stimulated with LPS for an additional 5 hours. The CM was collected,
clarified by centrifugation and used to determine levels of TNFa (E) and CXCL2 (F) by
ELISA. Values are presented as mean + SEM (n=3). Statistical significance was determined
using ANOVA (B-C) or Student's t-test (E-F) (not significant, ns p= 0.05; ***p< 0.001).
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Figure 2. Expression of CD14 was reduced in differentiating monocyte/macrophages by
treatment with recombinant stanniocalcin-1 (rSTC-1)

Human U937 monocytes were incubated in macrophage medium supplemented with 100
ng/ml of phorbol 12-myristate 13-acetate (PMA) in the presence or absence of 1.0 ug/ml of
rSTC-1. After 48 hours, morphology of differentiated macrophages was evaluated by light
microscopy. Then, macrophages were harvested and processed for real-time RT-PCR or flow
cytometry analysis. (A) Schematic showing the workflow. (B) Representative images of
undifferentiated U937 monocytes (No Treatment), PMA-differentiated U937 macrophages
(PMA), and U937 cells stimulated with PMA and rSTC-1 (PMA+ rSTC-1). Scale bar, 100
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pum. (C) Cell surface expression of CD11b and CD14 was assessed by flow cytometry. Real-
time RT-PCR for CD11b (D), CD14 (E), TLR4 (F), and TLR2 (G) in undifferentiated U937
monocytes and cells stimulated with PMA for 48 hours (with and without rSTC-1
treatment). (H) Representative images of U937 cells treated for 48 hours with PMA in the
presence and absence of rSTC-1, MnTBAP, and paraquat. Scale bar, 50 pm. Real-time RT-
PCR for CD11b (I) and CD14 (J) in U937 cells stimulated for 48 hours with the compounds
described in panel H. Values are expressed as mean + SEM (n=3-5). Data was analyzed
using ANOVA (not significant, ns p= 0.05, *p< 0.05, **p< 0.01, ***p< 0.001).
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Figure 3. Recombinant stanniocalcin-1 (rSTC-1) reduced CD14 expression by monocyte/
macrophages stimulated with danger signals

Human U937 monocytes were stimulated with 5 pg/ml human high mobility group box1
(HMGB1) and 10 ng/ml each of recombinant human tumor necrosis factor alpha (TNFa),
interleukin-1 beta (IL-1B), and IL-6 in the presence or absence of 1.0 ug/ml rSTC-1
treatment. After 48 hours, cells were lysed for real-time RT-PCR. (A) Schematic showing
the workflow. The fold changes of MRNA levels for CD11b (B) and CD14 (C) were
measured in unstimulated U937 monocytes, stimulated U937 monocytes, and stimulated
cells treated simultaneously with rSTC-1. Values are expressed as mean + SEM (n=3). Data
were analyzed with ANOVA (not significant, ns p= 0.05, *p< 0.05, **p< 0.01, ***p<
0.001).
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Figure 4. Intravenous administration of recombinant stanniocalcin-1 (rSTC-1) reduced the
expression of CD14 in cardiac tissue and attenuated inflammation following myocardial
infarction

NOD/SCID mice were subjected to ischemic cardiac injury by permanent ligation of the left

descending coronary artery (LLDCA). At 1 hour and 24 hours after ligation, 2.0 mg/kg of
rSTC-1 or equal volume of 0.9% sodium chloride (saline) was administered intravenously.
Mice were euthanized up to 48 hours after LLDCA to collect heart tissue and assess
inflammatory response. Blood was collected to measure serum levels of cardiac troponin
(cTnl). (A) Diagram showing the workflow of the cardiac injury model. (B) Changes in
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expression of kidney UCP2 were determined by real-time RT-PCR. (C) Time-dependent
change in serum level of cTnl was determined by ELISA. (D) Assessment of serum cTnl, 24
hours after permanent ligation and rSTC-1 treatment. Intravenous rSTC-1 suppressed levels
of (E) CD14, inflammatory cytokines TNFa (F), CXCL2 (G), and IL-1p (H), and ()
myeloperoxidase (MPO) in heart tissue lysate prepared 48 hours after LLDCA. Mean value
is illustrated by the black lines. Real-time RT-PCR of UCP2 in cardiac (J) and kidney (K)
tissue, and (L) UCP3 in cardiac tissue. Statistical significance was determined using
Student's t-test when 2 groups were compared, or ANOVA for analysis of more than 2
groups (not significant, ns p> 0.05, * p< 0.05, ** p< 0.01).
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Figure 5. Recombinant stanniocalcin-1 (rSTC-1) administered intravenously improved heart
function and reduced infarct size

NOD/SCID mice were subjected to ischemic cardiac injury by permanent ligation of the left
descending coronary artery (LLDCA). At 1 hour and 24 hours after ligation, 2.0 mg/kg of
rSTC-1 or equal volume of 0.9% sodium chloride (saline) was administered intravenously.
Twenty one days after ligation, the mice were anesthetized and their left ventricular ejection
fraction (LVEF) was evaluated. Then, mice were euthanized to collect heart tissue and assess
infarct size. (A) Diagram showing the workflow of the cardiac injury model. (B) Each data
point represents the average LVEF of 2 independent recordings with 3 consecutive cardiac
cycles (n=3-6). (C) Representative images showing fibrosis in heart sections stained with
Masson Trichrome (Scale bar, 1 mm.). (D) Infarct size was measured at the ventricular
midline of each section and expressed as the percent length of the fibrotic region relative to
the ventricular midline length. Each data point represents the average of ten infarct size
measurements per heart (n=10-12). Data was analyzed using Student's t-test (*p< 0.05, **p<
0.01).
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Figure 6. Summary of recombinant stanniocalcin-1 (rSTC-1) effects on monocyte/macrophage
differentiation and function

Tissue injury induces release of differentiation stimuli [such as pathogen-associated
molecular pattern molecules (PAMPs), damage-associated molecular pattern molecules
(DAMPs), cytokines, and chemokines] that promote monocyte differentiation and
recruitment to the site of injury. Differentiation stimuli cause an increase in expression of
surface molecules such as CD11b and CD14 in monocyte/macrophage and enhance
secretion of inflammatory cytokines and chemokines (for example TNFa, IL-1, and
CXCL2) in these cells. Administration of rSTC-1 during the differentiation process reduces
expression of CD14 by monocytes/macrophages, which subsequently decreases their
response to inflammatory stimuli including DAMPS and PAMPS.
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Assessment of cardiac function by echocardiography

Page 27

Mice were subjected to myocardial infarction by ligation of the left descending coronary artery (LLDCA).

Saline or rSTC-1 were administered intravenously 1 h and 24 h following ligation, and cardiac function was
assessed on day 21. Data are expressed as mean = SEM. The pvalues shown are the result of a Student t-test
comparing saline versus rSTC-1 treated mice. Abbreviations: diastolic (d), systolic (s), cardiac output (CO),
fractional shortening (FS), stroke volume (SV), volume (V).

MEASUREMENT BASELINE VALUES LLDCA (21 DAYS) + TREATMENT P VALUE
Saline rSTC-1

Avrea; d (mm?) 14.6 +0.07 19.2+1.12 16.1+1.48 P=01261

Area; s (mm?) 6.5+0.34 135+1.28 9.4+1.26 P =0.0466

CO (ml/min) 8.1+0.28 7.9+0.40 8.2+0.79 P =0.8064

FS (%) 29.1+3.37 71+181 153+2.74 P=00312

SV (ul) 21.3+0.50 209+1.24 21.8+2.47 P=0.7748

V; d (ul) 30.3+1.21 48.2+3.71 38.2+6.42 P=0.2082

V; s (ul) 9.0+0.74 27.2+3.61 16.4 +4.15 P=0.0789
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