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Abstract

Pam3 CM on ALP production in AVICs.

Background: Calcific aortic valve disease (CAVD) is the most prevalent heart valve disorder in the elderly. Valvu-
lar fibrocalcification is a characteristic pathological change. In diseased valves, monocyte accumulation is evident,
and aortic valve interstitial cells (AVICs) display greater fibrogenic and osteogenic activities. However, the impact of
activated monocytes on valular fibrocalcification remains unclear. We tested the hypothesis that pro-inflammatory
mediators from activated monocytes elevate AVIC fibrogenic and osteogenic activities.

Methods and results: Picro-sirius red staining and Alizarin red staining revealed collagen and calcium depositions
in cultured human AVICs exposed to conditioned media derived from Pam3CSK4-stimulated monocytes (Pam3 CM).
Pam3 CM up-regulated alkaline phosphatase (ALP), an osteogenic biomarker, and extracellular matrix proteins colla-
gen | and matrix metalloproteinase-2 (MMP-2). ELISA analysis identified high levels of RANTES and TNF-a in Pam3 CM.
Neutralizing RANTES in the Pam3 CM reduced its effect on collagen | and MMP-2 production in AVICs while neutral-
izing TNF-a attenuated the effect on AVIC ALP production. In addition, Pam3 CM induced NF-kB and JNK activation.
While JNK mediated the effect of Pam3 CM on collagen | and MMP-2 production, NF-kB was critical for the effect of

Conclusions: This study demonstrates that activated monocytes elevate the fibrogenic and osteogenic activities

in human AVICs through a paracrine mechanism. TNF-a and RANTES mediate the pro-fibrogenic effect of activated
monocytes on AVICs through activation of JNK, and TNF-a also activates NF-kB to elevate AVIC osteogenic activity. The
results suggest that infiltrated monocytes elevate AVIC fibrocalcific activity to promote CAVD progression.
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Background

Calcific aortic valve disease (CAVD) is a leading car-
diovascular disorder in the elderly (Yutzey et al. 2014;
Otto and Prendergast 2014). This disease is a major
health care issue since it causes significant morbidity
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and mortality (Li et al. 2011). CAVD is characterized by
chronic fibrosis and calcification in valvular leaflets, and
progressive fibrocalcification eventually results in aor-
tic stenosis that requires surgical or transcatheter aortic
valve replacement (Otto and Prendergast 2014). While
the slow progression of CAVD offers a wide window for
pharmacological intervention, pharmacological therapies
are currently unavailable for prevention of this disease
progression.

Aortic valve interstitial cells (AVICs), the predomi-
nant cells in valvular tissue, are crucial for maintaining

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line

to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-0201-1008
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10020-022-00433-4&domain=pdf

Zhang et al. Molecular Medicine (2022) 28:5

valvular tissue homeostasis (Mathieu et al. 2015). How-
ever, in the pathophysiological conditions, these cells
can undergo phenotype transitions into myofibroblasts
and osteoblast-like cells and thereby play an important
role in valvular fibrocalcification (Li et al. 2011; Mathieu
et al. 2015; Liu et al. 2007). Valvular fibrosis and calcifi-
cation are characteristic of CAVD pathobiology (Miller
et al. 2011; Weiss et al. 2013). In this regard, histopatho-
logic examinations of aortic valves from CAVD patients
demonstrated that valvular tissue thickens with excesses
of fibrotic materials and calcified nodules (Lindman et al.
2016). Understanding the cellular and molecular mecha-
nisms underlying valvular fibrocalcification would enable
the exploration of pharmacological interventions for pre-
vention of CAVD progression.

It is known that CAVD is a chronic inflammatory dis-
ease (Miller et al. 2011). Toll-like receptors (TLRs) play a
role in mediating pro-inflammatory responses in AVICs
(Zeng et al. 2012; Zhang et al. 2020). TLR stimulation in
human AVICs promotes the production of pro-inflam-
matory mediators (Zeng et al. 2012). Many studies,
including ours, suggest that inflammation promotes aor-
tic valve leaflet fibrosis and calcification (Mathieu et al.
2015; Song et al. 2012; Zeng et al. 2017). In this regard,
pro-inflammatory stimuli are found to elevate the fibro-
genic and/or osteogenic activity in human AVICs (Zhan
et al. 2015).

Monocytes play mechanistic roles in chronic inflam-
matory diseases (Suhrbier 2019). Several studies have
found that monocytes augment vascular inflammation by
secreting pro-inflammatory mediators, and monocytes
and pro-inflammatory mediators from them promote
atherosclerotic progression (Jaipersad et al. 2014). Mono-
cyte infiltration and macrophage accumulation have been
observed in aortic valve leaflets from CAVD patients
(Zhou et al. 2020). Our recent study found that mono-
cytes activated by TLR2 agonists enhance the inflam-
matory activity in human AVICs (Zhang et al. 2020).
High levels of pro-inflammatory cytokines secreted by
monocytes contribute to the pathobiology of chronic
inflammatory disorders such as rheumatoid arthritis and
atherosclerosis (Suhrbier 2019; Sun et al. 2021). It has
been reported that monocytes promote atherosclerotic
calcification via paracrine activity (Jaipersad et al. 2014).
As pro-inflammatory factors are capable of inducing the
fibrogenic and osteogenic responses in AVICs (Cote et al.
2013; Husseini et al. 2014; Chen et al. 2011), it is reason-
able to propose that activated monocytes promote val-
vular fibrocalcification through paracrine modulation of
the production of fibrogenic and osteogenic mediators in
AVICs.

In this study, we tested the hypothesis that activated
monocytes promote the fibrocalcification in human
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AVICs. The purposes of the present study were to:
(1) determine the effect of activated monocytes on
AVIC fibrocalcification, (2) identify monocytes factors
responsible for augmentation of fibrocalcification in
human AVICs, and (3) elucidate the molecular mecha-
nism underlying the effect of factors from activated
monocytes.

Materials and methods

Chemical and reagents

Antibodies against phosphorylated extracellular-reg-
ulated kinase (ERK) 1/2 (9101), total ERK1/2 (9102),
phosphorylated p38 mitogen-activated protein kinase
(p38) (9211), total p38 (9212), phosphorylated nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-xB) (3034), total NF-kB (3033), phosphorylated
c-Jun N-terminal kinase (JNK) (9251), total JNK (9252)
and matrix metalloproteinase-2 (MMP-2) (40994) were
purchased from Cell Signaling, Inc (Beverly, MA). Anti-
bodies against Alkaline Phosphatase (ALP) (ab108337),
type IV collagen (collagen IV) (ab6586) and GAPDH
(ab9385) were obtained from Abcam (Cambridge, MA).
Antibody against bone morphogenetic protein 2 (BMP2)
(XP-5111) was obtained from ProSci (Poway, CA). Anti-
bodies against type I collagen (collagen I) (PA2140-2)
and matrix metalloproteinase-9 (MMP-9) (PB9668) were
obtained from Boster (Pleasanton, CA). Medium 199
(M199) was obtained from Lonza (Walkersville, MD).
Roswell Park Memorial Institute medium (RPMI 1640)
was obtained from GIBCO Laboratories (Grand Island,
N.Y.). Pam3CSK4 was obtained from InvivoGen (San
Diego, CA). Tumor necrosis factor-a (TNF-a) neutraliz-
ing antibody (MAB 610), regulated on activation, normal
T cell expressed and secreted (RANTES) neutralizing
antibody (MAB678) and SP600125 were purchased from
R&D System (Minneapolis, MN). Bay 11-7082, Alizarin
red S, picaro-sirius red (PSR), collagenase and other rea-
gents were obtained from Sigma-Aldrich Chemical Co.
(St Louis, MO).

Isolation and culture of human primary AVICs

Normal aortic valves were collected from explanted
hearts of patients having cardiomyopathy and undergo-
ing heart transplantation. Demographic information of
patients is presented in Table 1. The valve leaflets were
thin and did not have histological abnormality. This study
was approved by the University of Colorado Multiple
Institution Review Board (IRB Protocol 08-0280). All
subjects gave their informed consent for the use of their
aortic valves for this study. The investigations were car-
ried out following the rule of the Declaration of Helsinki
of 1975, revised in 2013.
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Table 1 Demographic information of aortic valve donors

Number Age (years) Gender Diagnosis

Donor 1 62 Male Cardiomyopathy
Donor 2 58 Male Cardiomyopathy
Donor 3 60 Male Cardiomyopathy
Donor 4 63 Female Cardiomyopathy
Donor 5 59 Female Cardiomyopathy

AVICs were isolated and cultured using a previously
described method (Zhang et al. 2020). Briefly, valve leaf-
lets were subjected to sequential digestions with colla-
genase. A high concentration of collagenase (2.5 mg/ml)
was used to remove endothelial cells. Then, the tissue
was digested in a solution containing 0.8 mg/ml of col-
lagenase to free the interstitial cells, and AVICs in the
solution were harvested by centrifugation. Cells were
maintained in M199 growth medium supplemented
with 10% fetal bovine serum, penicillin G (100 units/ml),
streptomycin (100 mg/ml) and amphotericin B (0.25 pg/
ml). Cells of passage 3—6 were used for the experiments
when the cells are approximately 80% confluence.

Culture of THP-1 monocyte

THP-1 monocyte cell line was purchased from American
Type Culture Collection (Manassas, Virginia). Accord-
ing to manufacturer’s instruction, THP-1 cells were
cultured in T-75 flask with RPMI 1640 growth medium
supplemented with 10% fetal bovine serum in an incu-
bator with 5% CO, at 37 °C. The medium was renewed
every 2—-3 days. Cells were subcultured at a density of
8-10 x 10° cells/ml.

Treatment of AVICs with conditioned medium

To generate conditioned medium, monocytes were
seeded in 12-well plates at a density of 2 x 10° cells/ml
and incubated in medium containing 2.5% fetal bovine
serum overnight before treatment. Monocytes were
treated with Pam3CSK4 at 0.1 pg/ml for 24 h or left
untreated. Culture media were collected after treatment.
The supernatant from Pam3CSK4-treated monocyte
culture is described as Pam3CSK4 conditioned medium
(Pam3 CM). The supernatant from untreated monocyte
culture is described as control conditioned medium (con-
trol CM).

Conditioned medium was stored at — 80 °C before use.
For the experiment, a mixture of 0.15 ml conditioned
medium and 0.35 ml growth medium [30% (vol/vol) of
conditioned medium] was applied to AVICs in 24 well
plate.
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To neutralize specific cytokine in the Pam3 CM, neu-
tralizing antibodies against TNF-a, RANTES or both at
10 pug/ml were added to Pam3 CM and incubated for 1 h
at 37 °C prior to being applied to treat AVICs. Aliquots
of the Pam3 CM were treated with non-immune IgG and
used as controls.

To determine the roles of JNK and NF-«B, JNK inhibi-
tor (SP600125, 10 umol/l) and NF-«xB inhibitor (Bayl1-
7082, 10 pmol/l) were added to AVIC culture 30 min
before adding Pam3 CM. DMSO (10 umol/l) was applied
to AVICs as a vehicle control.

To inhibit TLR2 in AVICs, specific TLR2 inhibitor CU
CPT 22 (10 uM) was added to AVIC culture 1 h prior to
subsequent experiment.

Alizarin red staining

Alizarin red S staining was performed to identify cal-
cium deposits in AVIC culture. AVICs were cultured in
0.35 mL pro-osteogenic medium (growth medium with
10 mmol/l beta-glycerophosphate, 10 nmol/l vitamin
D3, and 10 nmol/l dexamethasone) and exposed to CM
(0.15 ml) or Pam3CSK4 (0.15 ml, final concentration
0.03 pg/ml) for 10 days. Cells were washed twice with
PBS, fixed with 4% paraformaldehyde, and then incu-
bated in 0.2% alizarin red solution (pH 4.2) for 30 min.
The excess dye was washed with distilled water. Aliza-
rin red staining was examined and photographed using
a Nikon Eclipse TS100 microscope (Tokyo, Japan). For
quantitative analysis, each well was incubated with 10%
acetic acid at room temperature for 30 min. Eluted Aliza-
rin red was quantitated by spectrophotometry.

Picro-sirius red staining

PSR staining specifically identifies collagens and is a use-
ful method for the assessment of fibrogenic activity in
cultured cells. AVICs were culture in M199 (0.35 ml) and
exposed to CM (0.15 ml) or Pam3CSK4 (0.15 ml, final
concentration 0.03 pg/ml) for 14 days. Then, AVICs were
treated with methanol overnight at—20 °C. Cells were
washed with PBS and incubated in 0.1% PSR for 4 h. Cells
were then rinsed with 0.1% acetic acid, air-dried and
examined under a microscope. Cells were then treated
with 0.1 ml of 0.1 M sodium hydroxide for 2 h at room
temperature to elute the color. The optical density of
sodium hydroxide solution was determined using a spec-
trophotometer (BioTek Instruments, Inc., Winusky, VT,
USA) at 540 nm. The results are expressed as % of change
compared to controls.

Immunoblotting

Immunoblotting was performed to assess levels of
p-ERK1/2, ERK1/2, p-p38, p38, p-NF-«kB, NF-«B, p-JNK,
JNK, MMP-2, MMP-9, ALP, RUNX2, collagen I and
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collagen IV in AVIC lysate. AVICs were washed with PBS
and lysed with 2 x Laemmli sample buffer (Bio-Rad Lab-
oratories, Inc., Hercules, CA). Samples of cell lysate were
separated on 4-20% SDS-PAGE gels and transferred to
nitrocellulose membranes. The membranes were blocked
with 5% skim milk solution for 1 h at room temperature,
incubated with primary antibodies (1:200 to 1:1000 vol-
ume dilutions) overnight at 4 °C, and then incubated
with secondary antibodies for 2 h at room temperature.
Membranes were developed using the enhanced chemi-
luminescence system. The levels of detected proteins
were normalized against GAPDH. Densitometric analysis
of protein band was performed using the ImageLab soft-
ware (Bio-Rad Laboratories, Inc., Hercules, CA).

ELISA

Our previous multi-plex analysis identified greater levels
RANTES and TNF-a in Pam3 CM (Zhang et al. 2020).
We applied ELISA kits (R&D Systems, Minneapolis, MN)
to determine the levels of TNF-a and RANTES in con-
ditioned medium. Samples of conditioned medium and
standards were prepared according to manufacturer’s
instructions. Absorbance of standards and samples were
determined spectrophotometrically at 450 nm, using a
microplate reader (Biotek, Winooski, VT). Results were
plotted against the linear portion of the standard curve.

Statistical analysis

Statistical analyses were performed using Prism Software
(GraphPad). Data are presented as mean + SEM. ANOVA
with the post hoc Fisher test was performed to analyze
differences between multiple groups, and t-test was
applied to compare data between two groups. Nonpara-
metric Mann—Whitney U test was performed to confirm
the difference of two group comparison. For multiple
group comparisons, nonparametric Kruskal-Wallis test
was performed to confirm the differences. Statistical sig-
nificance was defined as P <0.05.

Results

Conditioned medium from activated monocytes promotes
collagen and calcium deposition in human AVICs

To determine the effect of activated monocytes on
AVIC fibrogenic and osteogenic activities, we added
conditioned media derived from Pam3CSK4 (0.1 pg/
ml)-treated monocytes (Pam3 CM) and untreated mono-
cytes (control CM) to AVIC. Additional AVIC cultures
were treated with 0.03 pg/ml Pam3CSK4 (equivalent to
Pam3CSK4 level in the AVIC cultures treated with 30%
Pam3 CM). Picro-sirius staining revealed that prolonged
exposure of human AVICs to Pam3 CM caused greater
collagen deposition in comparison to untreated controls
(Fig. 1A). In contrast, control CM and the low level of
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Pam3CSK4 had no effect on collagen deposition. AVICs
were also cultured in pro-osteogenic media and treated
with Pam3 CM for 10 days. Alizarin red S staining data
showed that Pam3 CM greatly increased both the accu-
mulation of calcium deposits and the formation of calci-
fied nodules in AVICs (Fig. 1B). These data indicate that
monocytes activated by a TLR2 agonist promote AVIC
fibrogenic and osteogenic activities.

Conditioned medium from activated monocytes enhances
the production of fibrogenic and osteogenic factors

in AVICs

We treated AVICs Pam3 CM or control CM for 48 h to
confirm the effect of Pam3 CM on the fibrogenic and
osteogenic responses. Levels of fibrogenic markers, col-
lagen and matrix metalloproteinases (MMP), as well as
osteogenic markers, alkaline phosphatase (ALP) and
runt-related transcription factor 2 (RUNX2) were exam-
ined using immunoblotting. Protein levels of collagen
I, MMP-2 and ALP were markedly increased in human
AVICs following an exposure to Pam3 CM (Fig. 2A-C).
Levels of collagen IV and MMP9 were unchanged. While
RUNX2 level was slightly increased by the treatment with
Pam3 CM, the change was insignificant. Together, these
data suggest that Pam3 CM selectively up-regulates the
expression of collagen I, MMP-2 and ALP to enhance the
fibrocalcific activity in human AVICs.

To determine whether the low level of TLR2 agonist
in Pam3 CM is responsible for inducing the expression
of pro-fibrogenic and pro-osteogenic factors, we applied
Pam3 (0.03 pg/ml) to treat human AVICs for 48 h. This
concentration of TLR2 agonist failed to enhance the
expression of collagen I, MMP-2 and ALP (Fig. 2A-C).
To determine whether TLR2 is involved in mediating
the fibrogenic and osteogenic responses to Pam3 CM,
we treated AVICs with TLR2 inhibitor CU CPT 22 prior
to exposing AVICs to Pam3 CM. Immunoblotting data
revealed that blocking TLR2 had no effect on Pam3 CM-
induced expression of collagen I, MMP-2 and ALP in
AVICs (Fig. 2D). These results demonstrate that the pro-
fibrocalcific effect of Pam3 CM on AVICs is not due to
the activation of TLR2. It likely that pro-inflammatory
mediators from activated monocytes are responsible for
the pro-fibrocalcific effect of Pam3 CM.

RANTES and TNF-a secreted by activated monocytes
mediate the up-regulation of AVIC fibrogenic

and osteogenic responses

Our recent multiplex ELISA analyses revealed that
RANTES and TNF-a were markedly higher in Pam3
CM compared to control CM, and these two cytokines
displayed greater increase among all pro-inflammatory
mediators analyzed (Zhang et al. 2020). In this study, we
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Fig. 1 Pam3 CM promotes collagen and calcium deposition in AVICs. A AVICs were cultured in the growth medium and treated with Pam3
(0.03 pg/ml), control CM or Pam3 CM for 14 days. Representative images of Picro-Sirius Red staining and spectrophotometric quantitation

normalized by cell density show that increased collagen deposition occurred in AVICs exposed to Pam3 CM, not in cells exposed to control CM
or a low concentration of Pam3. B AVICs were cultured in pro-osteogenic medium and treated with Pam3 (0.03 pg/ml), control CM or Pam3
CM for 10 days. Representative images of Alizarin red S staining and spectrophotometric quantitation show that Pam3 CM, not control CM or a
low concentration of Pam3, increased calcium deposition in AVICs. *P<0.05 vs. untreated control, Pam3 or control CM. All quantitative data are
presented as mean £ SEM. Each experiment was performed with cells isolated from 5 different donors

performed ELISA analyses of the Pam3 CM and con-
firmed that Pam3 CM have greater levels of RANTES
and TNF-a in comparison to control CM (Fig. 3A). We
then examined whether these two cytokines play a role in
Pam3 CM-induced fibrogenic and osteogenic responses
in AVICs. We exposed human AVICs to Pam3 CM pre-
treated with a neutralizing antibody against RANTES or
TNF-a. As shown in Fig. 3B, neutralization of RANTES
in Pam3 CM markedly reduced its up-regulation of colla-
gen I and MMP-2 in human AVICs, but had no influence
on its effect on ALP level (Fig. 3C). In contrast, neu-
tralization of TNF-a reduced the effect of Pam3 CM on

ALDP, as well as collagen I and MMP-2 in human AVICs
(Fig. 3C). These results demonstrate that both RANTES
and TNF-a contribute to the induction of AVIC fibro-
genic response by Pam3 CM and that TNF-a mediates
the induction of AVIC osteogenic response.

The JNK pathway mediates AVIC fibrogenic response

to RANTES and TNF-a while the NF-kB pathway mediates
AVIC osteogenic response to TNF-a

We sought to identify the signaling pathways activated
by Pam3 CM in human AVICs by examining the activa-
tion of NF-kB and three mitogen-activated protein kinase
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Fig. 2 Pam3 CM up-regulates fibrogenic and osteogenic mediators in AVICs independent of TLR2. A-C AVICs were exposed to Pam3 (0.03 pg/
ml), control CM or Pam3 CM for 48 h. Levels of collagen |, collagen IV, MMP-2, MMP-9, ALP and RUNX2 were determined by immunoblotting.
Representative immunoblots and densitometric data show that Pam3 CM selectively up-regulated collagen |, MMP-2 and ALP in AVICs among the
fibrogenic and osteogenic factors examined while control CM or a low concentration of Pam3 had no effect. D AVICs were pretreated with TLR2

h and then exposed to Pam3 CM treatment for 48 h. Inhibition of TLR2 in AVICs did not alter the effect
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(MAPK) signaling pathways including ERK1/2, Jun N-ter-
minal kinases (JNK) and p38. As shown in Fig. 4A, the
phosphorylation of p38, ERK1/2, JNK and NF-«B in AVICs
began to increase at 30 min of Pam3 CM treatment and

remained elevated in cells exposed to Pam3CM for 2 or 4 h.
We then determined whether RANTES and TNF-« in the
Pam3 CM are responsible for their activation. The results in
Fig. 4B show that neutralization of RANTES in Pam3 CM
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(See figure on next page.)

Fig. 4 RANTES is involved in Pam3 CM-induced JNK phosphorylation, and TNF-a mediates the effect of Pam3 CM on JNK and NF-«B
phosphorylation. A AVICs are treated with Pam3 CM for 0.5, 1, 2 or 4 h. Representative immunoblots and densitometric data show that Pam3 CM
induces the phosphorylation of p38, ERK1/2, JINK'and NF-kB. *P<0.05 vs. 0 h. Data are presented as mean & SEM. n=5 cell isolates from distinct
donor valves in each group. B AVICs were treated for 1 h with Pam3 CM pre-incubated with neutralizing antibodies (10 pg/ml) against TNF-q,
RANTES or both. Neutralization of TNF-a attenuated the effect of Pam3 CM on JNK and NF-kB phosphorylation. Neutralization of RANTES attenuated
the effect of Pam3 CM on JNK phosphorylation. *P < 0.05 vs. untreated control. /P < 0.05 vs. Pam3 CM or Pam3 CM treated with non-immune IgG.
Data are presented as mean 4 SEM. n =5 cell isolates from distinct donor valves in each group
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only suppressed its effect on JNK activation AVICs. In con-
trast, neutralization of TNF-a in Pam3 CM attenuated its
effect on the activation of both JNK and NF-«kB in AVICs.
Neutralization of either RANTES or TNF-a in Pam3 CM
had no effect on its activation of p38 and ERK1/2. It is note-
worthy that neutralization of both RANTES and TNF-« in
Pam3 CM negated its ability to activate JNK, and neutrali-
zation of TNF-a alone in Pam3 CM essentially abolished its
induction of NF-«B activation.

To determine the role of JNK and NF-kB in mediating the
pro-fibrocalcific effect of Pam3 CM on human AVICs, we
applied a JNK inhibitor (SP600125) and a NF-«B inhibitor
(Bay 11-7082) to AVICs before being exposed to Pam3 CM.
As shown in Fig. 5A and B, inhibition of JNK abolished
Pam3 CM-induced production of collagen I and MMP-
2, but had no effect on ALP production. Figure 5C and D
show that NF-«B inhibitor Bay 11-7082 abrogated Pam3
CM-induced ALP production in AVICs, but it had no
effect on the production of collagen I and MMP-2. Taken
together, the results show that Pam3 CM induces AVIC
fibrogenic response via activation of JNK by RANTES and
TNF-a, and enhances AVIC osteogenic response via acti-
vation of NF-«xB by TNF-a.

Discussions
CAVD is characterized by progressive thickening of aortic
calve leaflets due to fibrosis and calcification (Miller et al.
2011; Weiss et al. 2013) and fibrocalcification will eventu-
ally result in valvular dysfunction and heart failure. Cur-
rently, the scientific consensus is that chronic valvular
inflammation is a critical factor promoting CAVD pro-
gression (Cho et al. 2018). In this regard, pro-inflamma-
tory mediators are demonstrated to induce fibrogenic and
osteogenic responses in human AVICs (Meng et al. 2008;
Song et al. 2012; Yao et al. 2020; Ohukainen et al. 2018).
Monocyte/macrophage accumulation occurs in diseased
aortic valves (Zhou et al. 2020). Further, activated mono-
cytes have been found to enhance the expression of pro-
inflammatory and pro-osteogenic mediators in AVICs
(Zhang et al. 2020; Li et al. 2016, 2017b). However, the
mechanism underlying the effect of activated monocytes
and macrophages on AVIC fibrocalcific activity remains
incompletely understood.

The present study demonstrates: (1) Conditioned
medium derived from monocytes activated through TLR2
is capable of inducing fibrocalcification in human AVICs.
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(2) Pro-inflammatory cytokines, RANTES and TNF-q,
secreted by activated monocytes up-regulate the produc-
tion of fibrogenic and osteogenic mediators in human
AVICs. (3) RANTES and TNF-a mediate the activation
of JNK and NF-«B signaling pathways by the conditioned
medium from activated monocytes. (4) JNK activation
in AVICs by both RANTES and TNF-ua is responsible for
the pro-fibrogenic effect of activated monocytes, whereas
NF-kB activation by TNF-a is responsible for the pro-
osteogenic effect of activated myocytes. The results of this
study provide new insights into the mechanism by which
activated monocytes induce aortic valve fibrocalcification
and highlight the role of monocytes and macrophages in
the pathobiology of CAVD.

Infiltrated monocytes and tissue macrophages enhance
tissue inflammatory activity in chronic diseases (Suhr-
bier 2019; Sun et al. 2021). Our recent study found that
CM from activated monocytes enhances AVIC inflam-
matory activity (Zhang et al. 2020). Interestingly, we
observed in the present study that CM from TLR2-acti-
vated monocytes increases collagen and calcium deposi-
tion in human AVICs. Collagen deposition is a biomarker
of in vitro fibrogenic activity, and calcium deposition is
a biomarker of in vitro osteogenic activity (Singh and
Torzewski 2019; Liu and Xu 2016). Therefore, elevated
collagen and calcium deposition in AVICs exposed to
CM from TLR2-activated monocytes indicates that acti-
vated monocytes promote aortic valve fibrocalcification
via a paracrine mechanism. In addition to greater colla-
gen deposition, the production of collagen I and MMP-2
is increased, indicating ECM protein remodeling. It
appears that up-regulated collagen I production contrib-
utes to the increase in collagen deposition since collagen
IV levels are essentially unchanged. Associating with the
greater calcium deposition, ALP levels are significantly
increased. Although the levels of RUNX2 are slightly
increased, the change does not reach statistical signifi-
cance. This differential expression of osteogenic media-
tors indicates AVIC transition to early osteoblast-like
phenotype in response to the CM from TLR2-activated
monocytes since ALP is a biomarker of early osteoblast,
and RUNX2 is a biomarker of mature osteoblast (Yang
et al. 2009; Song et al. 2020).

It should be noted that a low level of TLR2 agonist
(Pam3CSK4, 0.03 pg/ml) is present in the CM from
TLR2-activated monocytes. We previously observed

(See figure on next page.)

Fig. 5 JNK mediates fibrogenic mediator production, while NF-kB mediates the osteogenic mediator production. A and B AVICs were treated

with JNK inhibitor SP600125 (10 umol/L) or DMSO for 1 h followed by Pam3 CM treatment for 48 h. Inhibition of JNK abolished Pam3 CM-induced
collagen | and MMP-2 up-regulation, but had no effect on ALP up-regulation. C and D AVICs were treated with NF-kB inhibitor Bay 11-7082

(10 umol/L) or DMSO for 1 h followed by Pam3 CM treatment for 48 h. Inhibition of NF-kB suppressed ALP up-regulation by Pam3 CM, but had no
effect on the up-regulation of collagen I and MMP-2 induced. All data are presented as mean 4 SEM. n=5 cell isolates from distinct donor valves in
each group. *P<0.05 vs. untreated control. #P<0.05 vs. Pam3 CM with DMSO
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that Pam3CSK4 at 0.1 pg/ml is capable of inducing ALP
expression in human AVICs (Zeng et al. 2017). In evalu-
ation of the effect of low level of Pam3CSK4, we noted
that this TLR2 agonist at 0.03 pg/ml is inadequate to up-
regulate collagen I and ALP. Thus, it should be the factors
secreted by activated monocytes that enhance fibrocal-
cification in human AVICs. In this study, we confirmed
that monocytes exposed to TLR2 agonist release high
levels of RANTES and TNF-a. Therefore, we determined
the role of RANTES and TNF-a in AVIC expression of
fibrogenic and osteogenic mediators.

Interestingly, neutralization of RANTES in the CM
selectively suppresses collagen I and MMP-2 expres-
sions in AVICs. Thus, RANTES secreted by activated
monocytes plays a critical role in the induction of fibro-
genic response in human AVICs. A number of in vivo
and in vitro studies have demonstrated that RANTES
is pro-fibrogenic, and recombinant RANTES protein is
capable of inducing fibrotic changes in different cells and
organs (Wang et al. 2021; Berres et al. 2010; Schwabe
et al. 2003). Our observation is consistent with previous
reports that RANTES modulates ECM protein produc-
tion and remodeling (Agere et al. 2017; Montecucco et al.
2012; Wintges et al. 2013). The findings of the present
study indicate that endogenous RANTES produced by
monocytes and macrophages plays a mechanistic role in
aortic valve fibrosis associated with CAVD progression.
However, it remains unclear from our study what level of
RANTES in the valvular microenvironment is sufficient
to induce the fibrogenic response in human AVICs.

Moreover, the results of TNF-a neutralization experi-
ments show that TNF-a in the CM is involved in up-
regulating the expression of collagen I, MMP-2 and
ALP. A previous study found that TNF-a induces the
osteogenic response in AVICs (Kaden et al. 2005). Our
results demonstrate that TNF-a from activated mono-
cytes is pro-fibrogenic as well. Overall, the results of
the present study demonstrate that both RANTES and
TNF-a mediate the pro-fibrogenic effect of the CM on
human AVICs, and that TNF-a is also pro-osteogenic
to human AVICs. Together, these findings indicate
that pro-inflammatory cytokines secreted by activated
monocytes play a crucial role in enhancing AVIC
fibrocalcific activity associated with CAVD progres-
sion. Apparently, inflammatory mediators modulate
fibrogenic and osteogenic activities in human AVICs.
However, it is unclear from the present study and the
literature whether an interaction between fibrogenic
activity and osteogenic activity exists in human AVICs.
Limited evidence suggests that collagen I and MMP-2
may induce ECM remodeling to modulate the osteo-
genic activity in aortic valve (Weiss et al. 2013; Leo-
pold 2012; Chen and Simmons 2011). Future studies are
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needed to examine the potential interaction between
fibrogenic response and osteogenic response in aortic
valve cells.

Both RANTES and TNF-a induce cellular inflamma-
tory responses through the activation of MAPK and
NF-«B signaling pathways (Antwerp et al. 1996; Kim
et al. 2006), and these signaling pathways have been
identified as the primary modulators of several chronic
inflammatory diseases (Chen et al. 2018). Previous stud-
ies, including ours, have reported that MAPK and NF-«xB
play important roles in CAVD pathobiology by elevating
the fibrogenic and osteogenic responses in human AVICs
(Zhan et al. 2015; Munjal et al. 2014). In the present
study, we observed that CM from activated monocytes
induces the phosphorylation of p38, ERK1/2, JNK and
NF-«B in human AVICs. More importantly, JNK phos-
phorylation was abrogated by neutralization of RANTES
or TNF-a, while NF-kB phosphorylation was suppressed
only by neutralization of TNF-a. Thus, both RANTES
and TNF-a may utilize the JNK pathway to up-regulate
AVIC fibrogrnic activity, and TNF-a may also use the
NEF-«B signaling pathway to up-regulate AVIC osteogenic
activity.

Indeed, inhibition of JNK abrogated CM-induced
expression of collagen-I and MMP-2, whereas NF-«xB
inhibitor had no effect on the expression of these two
pro-fibrogenic mediators. In contrast, NF-kB inhibitor
greatly reduced ALP expression in AVICs exposed to the
CM from activated monocytes. This observation sug-
gests a major role of the NF-«xB pathway in mediating the
pro-osteogenic effect of TNF-« in the CM and supports
the concept that NF-kB plays a critical role in modulat-
ing valvular osteogenic activity (Meng et al. 2008; Li et al.
2017a; Zhan et al. 2017). It is noteworthy that phospho-
rylation of p38 and ERK1/2 is also induced by the CM
from activated monocytes. Neither of these two MAPKs
may have a significant role in mediating the CM effects
observed in the present study since inhibition of JNK and
NE-kB essentially abrogates the pro-fibrogenic and pro-
osteogenic effects of the CM from activated monocytes.

It should be noted that a limitation of the present study
is the use of THP-1 cells to evaluate the impact of mono-
cyte-derived inflammatory mediators on the fibrocal-
cific activity of human AVICs. We elected to use THP-1
monocyte cell line, not monocytes isolated from healthy
human donors, in order to eliminate the confounding fac-
tor introduced by variable responses of monocytes from
different donors. While several studies have compared
the TLR-induced inflammatory responses in THP-1 cells
and monocytes isolated from healthy donors and found
that their responses are comparable (Wu et al. 2017; Sha-
rif et al. 2007), a subtle phenotypic difference may exist
between cells from the two sources.
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Fig. 6 Schematic diagram depicting the mechanism underlying AVIC fibrocalcification induced by medium conditioned by activated monocytes.
Pro-inflammatory mediators produced by monocytes activated by TLR-2 agonist induce AVIC fibrocalcification involving up-regulation of fibrogenic
and osteogenic mediators. RANTES contributes to the fibrogenic response induced by Pam3 CM through activation of JNK, and TNF-a mediates the
pro-fibrogenic and pro-osteogenic effects of Pam3 CM through activation of both JNK and NF-kB

Conclusions

In summary, this study demonstrates that activated
monocytes enhance AVIC fibrocalcific activity via
a paracrine mechanism. Both RANTES and TNF-«
secreted by activated monocytes up-regulate the fibro-
genic activity in human AVICs via JNK signaling, and
TNF-a from activated monocytes also activates NF-kB
to up-regulate the osteogenic activity in human AVICs.
These novel findings suggest that activated monocytes
may accelerate the progression of CAVD via promotion
of aortic valve fibrocalcification (Fig. 6).

Abbreviations

CAVD: Calcific aortic valve disease; AVIC: Aortic valve interstitial cell; TLR:
Toll-like receptor; CM: Conditioned medium; Pam3CSK4: Pam3CysSerlLys4;
Pam3 CM: Pam3CSK4 conditioned medium; Control CM: Control conditioned
medium; RANTES: Regulated on activation, normal T cell expressed and
secreted; TNF-a: Tumor necrosis factor-a; JNK: C-Jun N-terminal kinase; NF-kB:
Nuclear factor kappa-B; MAPK: Mitogen-activated protein kinase; GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase; DMSO: Dimethyl sulfoxide;

CU CPT 22: 3,4,6-Trihydroxy-2-methoxy-5-oxo-5H-benzocycloheptene-
8-carboxylic acid hexyl ester; MMP: Matrix metallopeptidase; ALP: Alkaline
phosphatase; Runx: Runt-related transcription factor; ELISA: Enzyme-linked
immunosorbent assay.

Acknowledgements
Not applicable.



Zhang et al. Molecular Medicine (2022) 28:5

Authors’ contributions

Conceptualization, XM and DX; Methodology, PZ, ET, LA, QY and YZ; Investiga-
tion, PZ, ET, LA, QY, ZL and YZ; Data acquisition and analysis, PZ, ZL and ET;
Original manuscript draft preparation, PZ, ZL and ET; Manuscript review and
revision, DF, DX and XM; Supervision, XM and DF; Project administration, XM;
Funding Acquisition, XM and DX. All authors have read and approved the final
version of this manuscript.

Funding

This study was supported in part by National Institutes of Heart, Lung and
Blood Grants HL106582 and HL121776 to XM, and Science and Technology
Program of Guangdong Province (2017A050501019) to DX. The content is
solely the responsibility of the authors and does not necessarily represent the
official views of the funding agencies.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate

This study was approved by the University of Colorado Multiple Institution
Review Board (IRB Protocol 08-0280). All subjects gave their informed consent
for the use of their aortic valves for this study. The investigations were carried
out following the rule of the Declaration of Helsinki of 1975, revised in 2013.

Consent for publication
Not applicable.

Competing interests
The authors have declared that no competing interest exists.

Received: 3 August 2021 Accepted: 7 January 2022
Published online: 21 January 2022

References

Agere SA, Akhtar N, Watson JM, Ahmed S. RANTES/CCLS5 induces collagen
degradation by activating MMP-1 and MMP-13 expression in human
rheumatoid arthritis synovial fibroblasts. Front Immunol. 2017;8:1341.

Berres ML, Koenen RR, Rueland A, Zaldivar MM, Heinrichs D, Sahin H, et al.
Antagonism of the chemokine Ccl5 ameliorates experimental liver fibro-
sis in mice. J Clin Invest. 2010;120(11):4129-40.

Chen JH, Simmons CA. Cell-matrix interactions in the pathobiology of calcific
aortic valve disease: critical roles for matricellular, matricrine, and matrix
mechanics cues. Circ Res. 2011;108(12):1510-24.

Chen JH, Chen WL, Sider KL, Yip CY, Simmons CA. beta-catenin mediates
mechanically regulated, transforming growth factor-beta1-induced
myofibroblast differentiation of aortic valve interstitial cells. Arterioscler
Thromb Vasc Biol. 2011;31(3):590-7.

Chen L, Deng H, Cui H, Fang J, Zuo Z, Deng J, et al. Inflammatory responses
and inflammation-associated diseases in organs. Oncotarget.
2018,9(6):7204-18.

Cho Kl, Sakuma I, Sohn IS, Jo SH, Koh KK. Inflammatory and metabolic
mechanisms underlying the calcific aortic valve disease. Atherosclerosis.
2018;277:60-5.

Cote N, Mahmut A, Bosse Y, Couture C, Page S, Trahan S, et al. Inflammation is
associated with the remodeling of calcific aortic valve disease. Inflamma-
tion. 2013;36(3):573-81.

El Husseini D, Boulanger MC, Mahmut A, Bouchareb R, Laflamme MH, Fournier
D, et al. P2Y2 receptor represses IL-6 expression by valve interstitial cells

through Akt: implication for calcific aortic valve disease. J Mol Cell Cardiol.

2014;72:146-56.

Jaipersad AS, Lip GY, Silverman S, Shantsila E. The role of monocytes in angio-
genesis and atherosclerosis. J Am Coll Cardiol. 2014;63(1):1-11.

Kaden JJ, Kilic R, Sarikoc A, Hagl S, Lang S, Hoffmann U, et al. Tumor necrosis
factor alpha promotes an osteoblast-like phenotype in human aortic
valve myofibroblasts: a potential regulatory mechanism of valvular
calcification. Int J Mol Med. 2005;16(5):869-72.

Page 13 of 14

Kim HK, Park HR, Sul KH, Chung HY, Chung J. Induction of RANTES and CCR5
through NF-kappaB activation via MAPK pathway in aged rat gingival
tissues. Biotechnol Lett. 2006;28(1):17-23.

Leopold JA. Cellular mechanisms of aortic valve calcification. Circ Cardio-
vasc Interv. 2012;5(4):605-14.

Li C, Xu S, Gotlieb Al. The response to valve injury. A paradigm to under-
stand the pathogenesis of heart valve disease. Cardiovasc Pathol.
2011;20(3):183-90.

Li XF, Wang Y, Zheng DD, Xu HX, Wang T, Pan M, et al. M1 macrophages
promote aortic valve calcification mediated by microRNA-214/
TWIST1 pathway in valvular interstitial cells. Am J Trans| Res.
2016;8(12):5773-83.

LiF, Song R, Ao L, Reece TB, Cleveland JC Jr, Dong N, et al. ADAMTS5
deficiency in calcified aortic valves is associated with elevated pro-
osteogenic activity in valvular interstitial cells. Arterioscler Thromb Vasc
Biol. 2017a;37(7):1339-51.

Li G, Qiao W, Zhang W, Li F, Shi J, Dong N. The shift of macrophages toward
M1 phenotype promotes aortic valvular calcification. J Thorac Cardio-
vasc Surg. 2017b;153(6):1318-27.

Lindman BR, Clavel MA, Mathieu P, lung B, Lancellotti P, Otto CM, et al.
Calcific aortic stenosis. Nat Rev Dis Primers. 2016;2:16006.

Liu X, Xu Z. Osteogenesis in calcified aortic valve disease: from histopatho-
logical observation towards molecular understanding. Prog Biophys
Mol Biol. 2016;122(2):156-61.

Liu AC, Joag VR, Gotlieb Al. The emerging role of valve interstitial cell
phenotypes in regulating heart valve pathobiology. Am J Pathol.
2007;171(5):1407-18.

Mathieu P, Bouchareb R, Boulanger MC. Innate and adaptive immunity in
calcific aortic valve disease. J Immunol Res. 2015;2015:851945.

Meng X, Ao L, Song Y, Babu A, Yang X, Wang M, et al. Expression of func-
tional Toll-like receptors 2 and 4 in human aortic valve interstitial cells:
potential roles in aortic valve inflammation and stenosis. Am J Physiol
Cell Physiol. 2008;294(1):C29-35.

Miller JD, Weiss RM, Heistad DD. Calcific aortic valve stenosis: methods,
models, and mechanisms. Circ Res. 2011;108(11):1392-412.

Montecucco F, Braunersreuther V, Lenglet S, Delattre BM, Pelli G, Bua-
toisV, et al. CC chemokine CCL5 plays a central role impacting
infarct size and post-infarction heart failure in mice. Eur Heart J.
2012;33(15):1964-74.

Munjal C, Opoka AM, Osinska H, James JF, Bressan GM, Hinton RB. TGF-beta
mediates early angiogenesis and latent fibrosis in an Emilin1-deficient
mouse model of aortic valve disease. Dis Model Mech. 2014;7(8):987-96.

Ohukainen P, Ruskoaho H, Rysa J. Cellular mechanisms of valvular thickening
in early and intermediate calcific aortic valve disease. Curr Cardiol Rev.
2018;14(4):264-71.

Otto CM, Prendergast B. Aortic-valve stenosis—from patients at risk to severe
valve obstruction. N Engl J Med. 2014;371(8):744-56.

Schwabe RF, Bataller R, Brenner DA. Human hepatic stellate cells express CCR5
and RANTES to induce proliferation and migration. Am J Physiol Gastroin-
test Liver Physiol. 2003;285(5):G949-58.

Sharif O, Bolshakov VN, Raines S, Newham P, Perkins ND. Transcriptional
profiling of the LPS induced NF-kappaB response in macrophages. BMC
Immunol. 2007;8:1.

Singh S, Torzewski M. Fibroblasts and their pathological functions in the
fibrosis of aortic valve sclerosis and atherosclerosis. Biomolecules.
2019,9(9):472.

Song R, Zeng Q, Ao L, Yu JA, Cleveland JC, Zhao KS, et al. Biglycan induces the
expression of osteogenic factors in human aortic valve interstitial cells via
Toll-like receptor-2. Arterioscler Thromb Vasc Biol. 2012;32(11):2711-20.

Song R, ZhaiY, Ao L, Fullerton DA, Meng X. MicroRNA-204 deficiency in
human aortic valves elevates valvular osteogenic activity. Int J Mol Sci.
2020;21(1):76.

Suhrbier A. Rheumatic manifestations of chikungunya: emerging concepts
and interventions. Nat Rev Rheumatol. 2019;15(10):597-611.

Sun K, LiYY, Jin J. A double-edged sword of immuno-microenvironment
in cardiac homeostasis and injury repair. Signal Transduct Target Ther.
2021;6(1):79.

Van Antwerp DJ, Martin SJ, Kafri T, Green DR, Verma IM. Suppression of TNF-
alpha-induced apoptosis by NF-kappaB. Science. 1996;274(5288):787-9.



Zhang et al. Molecular Medicine (2022) 28:5

Wang X, LiW, Yue Q DuW, LiY, Liu F, et al. C-C chemokine receptor 5 signal-
ing contributes to cardiac remodeling and dysfunction under pressure
overload. Mol Med Rep. 2021;23(1):49.

Weiss RM, Miller JD, Heistad DD. Fibrocalcific aortic valve disease: opportu-
nity to understand disease mechanisms using mouse models. Circ Res.
2013;113(2):209-22.

Wintges K, Beil FT, Albers J, Jeschke A, Schweizer M, Claass B, et al.

Impaired bone formation and increased osteoclastogenesis in mice
lacking chemokine (C-C motif) ligand 5 (Ccl5). J Bone Miner Res.
2013;28(10):2070-80.

Wu C, Su Z, Lin M, Ou J, Zhao W, Cui J, et al. NLRP11 attenuates Toll-like recep-
tor signalling by targeting TRAF6 for degradation via the ubiquitin ligase
RNF19A. Nat Commun. 2017;8(1):1977.

Yang X, Fullerton DA, Su X, Ao L, Cleveland JC Jr, Meng X. Pro-osteogenic phe-
notype of human aortic valve interstitial cells is associated with higher
levels of Toll-like receptors 2 and 4 and enhanced expression of bone
morphogenetic protein 2. J Am Coll Cardiol. 2009;53(6):491-500.

Yao Q, The E, Ao L, Zhai Y, Osterholt MK, Fullerton DA, et al. TLR4 stimulation
promotes human AVIC fibrogenic activity through upregulation of neuro-
trophin 3 production. Int J Mol Sci. 2020;21(4):1276.

Yutzey KE, Demer LL, Body SC, Huggins GS, Towler DA, Giachelli CM, et al.
Calcific aortic valve disease: a consensus summary from the Alliance of
Investigators on Calcific Aortic Valve Disease. Arterioscler Thromb Vasc
Biol. 2014;34(11):2387-93.

Zeng Q, Jin C, Ao L, Cleveland JC Jr, Song R, Xu D, et al. Cross-talk between the
Toll-like receptor 4 and Notch1 pathways augments the inflammatory
response in the interstitial cells of stenotic human aortic valves. Circula-
tion. 2012;126(11):5222-30.

Zeng Q, Song R, Fullerton DA, Ao L, ZhaiY, Li S, et al. Interleukin-37 sup-
presses the osteogenic responses of human aortic valve interstitial cells
in vitro and alleviates valve lesions in mice. Proc Natl Acad Sci U S A.
2017;114(7):1631-6.

Zhan Q, Song R, Zeng Q, Yao Q, Ao L, Xu D, et al. Activation of TLR3 induces
osteogenic responses in human aortic valve interstitial cells through the
NF-kappaB and ERK1/2 pathways. Int J Biol Sci. 2015;11(4):482-93.

Zhan Q, Song R, Li F, Ao L, Zeng Q, Xu D, et al. Double-stranded RNA upregu-
lates the expression of inflammatory mediators in human aortic valve
cells through the TLR3-TRIF-noncanonical NF-kappaB pathway. Am J
Physiol Cell Physiol. 2017;312(4).C407-17.

Zhang P, The E, Nedumaran B, Ao L, Jarrett MJ, Xu D, et al. Monocytes enhance
the inflammatory response to TLR2 stimulation in aortic valve inter-
stitial cells through paracrine up-regulation of TLR2 level. Int J Biol Sci.
2020;16(15):3062-74.

Zhou P, LiQ, Su'S, Dong W, Zong S, Ma Q, et al. Interleukin 37 suppresses M1
macrophage polarization through inhibition of the Notch1 and nuclear
factor kappa B pathways. Front Cell Dev Biol. 2020;8:56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Pro-inflammatory mediators released by activated monocytes promote aortic valve fibrocalcific activity
	Abstract 
	Background: 
	Methods and results: 
	Conclusions: 

	Background
	Materials and methods
	Chemical and reagents
	Isolation and culture of human primary AVICs
	Culture of THP-1 monocyte
	Treatment of AVICs with conditioned medium
	Alizarin red staining
	Picro-sirius red staining
	Immunoblotting
	ELISA
	Statistical analysis

	Results
	Conditioned medium from activated monocytes promotes collagen and calcium deposition in human AVICs
	Conditioned medium from activated monocytes enhances the production of fibrogenic and osteogenic factors in AVICs
	RANTES and TNF-α secreted by activated monocytes mediate the up-regulation of AVIC fibrogenic and osteogenic responses
	The JNK pathway mediates AVIC fibrogenic response to RANTES and TNF-α while the NF-κB pathway mediates AVIC osteogenic response to TNF-α

	Discussions
	Conclusions
	Acknowledgements
	References


