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HIGHLIGHTS

� Human PF contains inflammatory

mediators, including cytokines,

chemokines, and growth factors.

� Reflecting a dynamic space, disease states

can influence the inflammatory mediator

profile of human pericardial fluid.

� Human PF can drive profibrotic processes

in vitro via the TGF-b pathway.
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ABBR EV I A T I ON S

AND ACRONYMS

BMP = bone morphogenic

protein

CAD = coronary artery disease

CABG = coronary artery bypass

grafting

DEG = differentially expressed

gene

ECM = extracellular matrix

FGF = fibroblast growth factor

IFN = interferon

IL = interleukin

MMP = matrix

metalloproteinase

PF = pericardial fluid

PFc = pericardial fluid cell

PFsup = pericardial fluid

supernatant

PT = pericardium

TGF = transforming growth

factor

TIMP = tissue inhibitors of

matrix metalloproteinase
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Human pericardial fluid (PF) is a rich reservoir of biologically active markers. The acellular compartment of PF

can drive cardiac fibroblast activity in vitro. This process is mediated through the transforming growth factor-b

pathway. Of clinical importance, the PF of patients with coronary artery disease has an increased profi-

brotic capacity compared with the PF of patients without coronary artery disease. (JACC Basic Transl Sci.

2024;9:1329–1344) ©2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
P ericardial fluid (PF) is defined as the
net ultrafiltrate of plasma from the
epicardial capillary bed, with contri-

butions from the parietal pericardial layer,
myocardial interstitial fluid, and secretions
of pericardial mesothelial cells.1 Owing to
its anatomical proximity to the heart, PF pro-
vides a unique milieu that may reflect cardiac
diseases, but also has a homeostatic effect on
cardiac function. PF is a highly enriched
reservoir of physiologically active sub-
stances. These bioactive molecules regulate
cardiac function via intracrine actions and
exhibit dysregulation in various disease states.2,3

The pericardium (PT), myocardial tissue, and epicar-
dial and epiaortic adipose tissue can contribute to
the contents of the PF.4 PF has a slow turnover
rate,5 which can help to promote its potential role in
containing diagnostic biomarkers for heart conditions
and pericardial diseases and is an attractive target for
future therapeutics and interventions. To date, most
of the literature on PF has been generated by studies
focused on benign or malignant pericardial effusions
and various manifestations of pericarditis.6-8

As an evolving area in cardiovascular research,
contents of the pericardial space have been assessed
for their potential post-myocardial injury reparative
capacity. A recent study by our group has found that
Gata6þ pericardial cavity macrophages can relocate to
the injured heart and prevent fibrosis after
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properties.10 Moreover, there is mounting evidence
suggesting that the contents of the pericardial space
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atrial fibrillation.11-16 Our group has also shown that an
acute ischemic event can alter the immune cell
composition of human PF.17 Furthermore, our group
and others have demonstrated that the pericardial
space is replenished by inflammatory markers, such as
immune cells, cytokines, chemokines, and growth
factors, after cardiac surgery.18,19 We described how
the postoperative pericardial inflammatory profile
evolves 48 hours after surgery. We determined that
the local postsurgical inflammatory response differs
between conventional cardiac surgery and mini-
mally invasive cardiac surgery.18 Notably, the in-
flammatory response in the pericardial space after
cardiac surgery differs from postcardiopulmonary
bypass systemic inflammation,20 and there is
emerging evidence suggesting that biomarkers in
the pericardial space after surgery may have use-
fulness in predicting length of hospital stay.21 Taken
together, these findings further support the concept
that the pericardial space is a dynamic niche that
can evolve in response to injury and manipulation.
However, the direct biological activity of the fluid
on neighboring cells of the heart has not been
pursued in detail.
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In the present study, we focus on comprehensively
characterizing the soluble mediators of the acellular
component of native human PF. To do so, we
collected PF from patients with coronary artery dis-
ease (CAD) who underwent coronary artery bypass
grafting (CABG) and those undergoing valvular sur-
gery. Given that this is a pilot study, done using
clinical samples, our first objective was to determine
the immune profile of acellular component of PF, or
PF supernatant (PFsup). We analyzed PFsup for che-
mokines, cytokines, growth factors, matrix metal-
loproteases (MMPs), and tissue inhibitors of MMPs
(TIMPs). To better understand these factors’ sour-
ce(s), we also analyzed cultured media from the PT,
epiaortic adipose tissue, and myocardial tissue by
using the right atrial appendage as a surrogate.
Furthermore, using cardiac-derived fibroblasts, we
found that PFsup can drive fibrotic activity in vitro.
Importantly, we noted that the kinetics of PFsup-
mediated effects differed in CABG patients
compared with valve surgery patients. To elucidate
the mechanism underlying our observations, we
conducted bulk RNA-sequencing on cardiac fibro-
blasts exposed to PFsup, which implicated the
transforming growth factor (TGF)-b pathway.
Through validating bulk RNA-sequencing hits, we
were able to show that bone morphogenic protein
(BMP) may be involved in potentiating cardiac fibro-
blast activity in vitro.

METHODS

PATIENT SAMPLE ACQUISITION. Patients undergo-
ing CABG, valvular, and concomitant CABG and
valvular surgeries at the Foothills Medical Centre
(Calgary, Canada) were enrolled in the study pro-
spectively after providing written informed consent.
The experiments were conducted under the approval
of the Conjoint Health Research Ethics Board at the
University of Calgary underlying the Declaration of
Helsinki (Ethics ID: REB16-1906, approved 12
February 2021). The entire volume of native PF was
obtained from all patients before the institution of
cardiopulmonary bypass and the administration of
heparin or steroids. An excised segment of the PT and
right atrial appendage were also collected from pa-
tients. Inclusion criteria were age >18 years and pa-
tients undergoing surgery through a conventional full
median sternotomy. We excluded patients who
received insulin or immunosuppressive medications,
patients with a history of inflammatory or rheumatic
disease, patients who required dialysis, patients
with active infective endocarditis, and those who
underwent emergent surgery or redo surgery.
Intraoperatively, the PT was incised at full length
anteriorly and teed off with the creation of the peri-
cardial cradle. In all patients, the native PF was
removed after pericardiotomy. After collection, PF
samples were transported on ice to the laboratory in a
sodium heparin tube (Greiner Bio-One) and immedi-
ately processed. Processing entailed spinning the PF
at 1,500 rounds per minute for 4 minutes at 3�C. The
acellular component was retrieved and stored
at �80�C for further analysis. A segment of PT was
incised when creating the pericardial cradle, while
right atrial appendage was obtained at the time of
cannulating the right atrial appendage (prior to the
institution of cardiopulmonary bypass). For analysis
purposes, these tissues were normalized based
on weight.

CYTOKINES, MMPs, TIMPs, AND TGF-b. Concentra-
tions of chemokines, cytokines, MMPs, TIMPs, and
TGF-b in PFsup (of all 115 enrolled patients) and
cultured media were measured with blinded multi-
plex analysis (EveTechnologies). Interleukin (IL)-1b,
IL-1 receptor antagonist (IL-1Ra), IL-5, IL-6, IL-8,
IL-10, IL-13, interferon-gamma (IFN)-g, tumor necro-
sis factor alpha, and monocyte chemoattractant
(MCP)-1 were included in our assays. Further, we
probed for MMP-1, -2, -3, -7, -8, -9, -10, MP-12, and -13.
We also assessed for TIMP-1, -2, and -4. Finally, we
also probed for TGF-b1 and TGF-b2 concentrations.
The MMPs and TIMPs analysis was carried out for
81 patients.

MESSENGER RNA ISOLATION. Conditioned media
from the rat tail collagen type I macrogel wells was
aspirated and transferred into 1.5-mL Eppendorf
tubes for later multiplex analysis. Gels were then
transferred into 1.5-mL Eppendorf tubes using a 1-mL
pipette. Gels were homogenized in RLT buffer before
mRNA isolation using an RNeasy kit (Qiagen) per the
manufacturer’s protocol. Collected mRNA was then
stored in a �80�C freezer until later use.

BULK-RNA SEQUENCING. RNA samples were initially
assessed for quality using the Agilent TapeStation
4200, with RNA Integrity Numbers ranging between
9.2 and 10.0. RNA quantification was assessed using a
Promega QuantiFluor RNA plate assay, ranging from
15.3 to 71.0 ng/mL in 30 mL per sample. DNA carryover
in a random subset of 5 samples was assessed relative
to these RNA quantifications, using a high sensitivity
Qubit double stranded DNA fluorescence assay
(Promega), yielding carry-over estimates of 6.78%
to 7.01%.

Bulk-RNA sequencing reads were pseudomapped
to NCBI RefSeq human transcript models using Kal-
listo 0.42.4.22 Mapping counts were analyzed using
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Sleuth,23 with a regression model of the 3-level
nominal media factor: control, PFsup, PFsup, and
TGF-b1 receptor inhibitor (TGF-bR1i). Differentially
expressed transcripts passed the aforementioned
regression model with the Wald and likelihood ratio
test P values of <0.05 after correction for multiple
testing using the Benjamini-Hochberg post hoc test.
Transcripts were annotated using Ingenuity Pathway
Analysis (Qiagen). Pathways were considered signifi-
cant with an enrichment P value of <0.01 after
Benjamini-Hochberg correction, and up- and down-
regulation was called when the absolute z-score was
>2 (P < 0.05). The NCBI GEO accession number for the
RNA sequencing is GSE262161.

WESTERN BLOTTING. Human atrial fibroblasts
cultured alone or treated with PFsup were washed
with phosphate-buffered saline and incubated on ice
with 100 mL of 1� RIPA buffer containing protease and
phosphatase inhibitors to solubilize cells and isolate
proteins. After scraping the cells from the culture
plate with a cell scraper, the RIPA buffer was centri-
fuged for 1 min at 8,000�g to precipitate insoluble
proteins. A 30-microliter aliquot was mixed with 10
mL of 4� Lamelli buffer and heated for 10 minutes at
95�C to denature the proteins. The resulting samples
underwent SDS-PAGE gel electrophoresis (1.5 mm,
10% gel) to separate the proteins based on molecular
weight. The subsequent proteins were transferred to
nitrocellulose membrane for Western blotting of
SMAD3 and GAPDH. The nitrocellulose membranes
were blocked for a minimum of 2 hours using 5% skim
milk powder in 1� TBS with 0.05% Tween 20. The
primary antibodies used in this study were applied to
the blots for 2 hours in the 5% skim milk, 1�
TBSþTween 20 solution. The antibodies used in this
study were: rabbit anti-SMAD3 antibody (Cell; Cat.
no. 9523) at 1:1,000 dilution and mouse anti-GAPDH
(Sigma-Aldrich; Cat. no. 8795) at 1:2,000 dilution.
Secondary antibodies used were goat anti-mouse
horseradish peroxidase (Sigma-Aldrich; Cat. no.
AP308P) and goat anti-rabbit horseradish peroxidase
(Sigma-Aldrich; Cat. no. A6154) antibodies at 1:5,000
dilution. Stripping was performed using Restore PLUS
Western Blot Stripping Buffer (Thermo Fisher Scien-
tific). After probing each blot for SMAD3 expression,
the same blot was stripped using Restore Plus West-
ern blot stripping buffer (Thermo Fisher Scientific)
according to the manufacturers protocol, and subse-
quently probed for GAPDH expression. The blots were
visualized using a Supersignal West-Femto chem-
iluminescence kit (Thermo Fisher Scientific), and the
resulting images were quantified using NIH-Image
J software.
HUMAN CARDIAC MYOFIBROBLAST ISOLATION.

Human cardiac fibroblasts were isolated from right
atrial appendage taken from consenting patients un-
dergoing cardiac surgery at Foothills Medical Center
as previously described.24,25 All experiments
involving human tissue were approved by the
Conjoint Health Research Ethics board at the Uni-
versity of Calgary and conformed to the Declaration
of Helsinki. Informed consent was required. In brief,
samples were minced into 0.5- to 1.0-mm fragments
and suspended in Iscove’s IMDM (Lonza) supple-
mented with 10% fetal bovine serum (Gibco by Life
Technologies) and 50,000 U penicillin-streptomycin
(Life Technologies). Tissue suspensions were plated
and cultured at 37�C in 5% CO2. Passages 1 through 4
were used for experiments. All cells were serum
starved for 24 hours before experimental use.

3-DIMENSIONAL COLLAGEN GEL CONTRACTION

MODEL. The 3-dimensional collagen gel contraction
model has been validated previously as a functional
measure of myofibroblast activity, in which percent
gel contraction positively correlates to myofibroblasts
activity levels.26-29 Briefly, a collagen gel solution was
prepared by combining on ice: 10% 10� minimal
essential medium (Gibco), rat tail type I collagen (BD
Biosciences) to a final concentration of 1.8 mg/mL, 1 N
NaOH to a pH of 7 to 8, and phosphate-buffered sa-
line. Human cardiac myofibroblasts, serum starved
for 24 h, were incorporated to achieve a concentration
of 1.0 � 105 cells per well, and the solution was ali-
quoted into a 24-well plate (Falcon). The collagen gel
was polymerized at 37�C for 1 hour. Once polymer-
ized, a treatment solution of 500 mL of serum-free
media alone (representing baseline myofibroblast
activity) or in combination with recombinant human
TGF-b1 (TGF-b; Gibco; 10 ng/mL; positive control
known to increase myofibroblast activity) was added
to each of the collagen gel-containing wells. Collagen
gels were released from the 24-well plate after 24
hours and imaged an additional 24 hours after
release. Images were analyzed using ImageJ (version
1.44g; NIH). Collagen remodeling was indicated by
percent contraction, calculated according to the
following: %Contraction ¼ [(surface area of the well �
surface area of the collagen gel)/surface area of
the well] � 100.

STATISTICAL ANALYSIS. Continuous data are shown
in figures as box and whisker plots displaying the
median, interquartile range, minimum and maximum
or as mean � SD. Patient characteristics are expressed
as mean � SD or count (percentage) where appro-
priate. The Student t test was performed to compare
concentrations of mediators in PFsup. Statistical



TABLE 1 Baseline Patient Demographics for the 115 Patients

Who Had Multiplex Analysis Performed on Their PFsup

Mean age (y) 62.2 � 14.5

Sex

Male 71

Female 44

Type of surgery

Isolated CABG 72

Isolated valve surgery 34

CABG þ valve surgery 9

Hypertension 86

Dyslipidemia 84

Diabetes

Type I 0

Type II 35

Insulin dependent 0

Smoking

Active 27

Remote 37

Atrial fibrillation

Paroxysmal 0

Permanent 10

Severe LV dysfunction 14

Chronic kidney disease

eGFR <45 mL/min 15

Dialysis dependent 0

Chronic obstructive lung disease 11

Peripheral arterial disease 7

Cerebrovascular disease 10

Rheumatoid disease 0

Autoimmune disease 0

Immunosuppressed 0

Active infective endocarditis 0

Preoperative medication use

Steroids 0

Aspirin 90

NSAIDs 0

Anti-inflammatory 0

Antibiotics 0

Values are mean � SD or n.

CABG ¼ coronary artery bypass grafting; eGFR ¼ estimated glomerular filtration
rate; LV ¼ left ventricle; NSAID ¼ nonsteroidal anti-inflammatory drug;
PFsup ¼ pericardial fluid supernatant.
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analysis was conducted using GraphPad Prism 9
Software. We considered P values of <0.05
as significant.

RESULTS

PATIENT DEMOGRAPHICS. One hundred fifteen pa-
tients were enrolled in the study; 71 (61.7%) were
male, and their mean age was 62.2 � 14.5 years.
Eighty-six had hypertension, 35 had noninsulin-
dependent diabetes, and 84 had dyslipidemia. All
patients underwent either CABG surgery, valvular
surgery, or a combination of both. None were actively
prescribed steroids or immunosuppressive medica-
tions or had contracted COVID-19 in the preceding
3 months. Baseline patient characteristics are sum-
marized in Table 1.

THE HUMAN PF CONTAINS A UNIQUE SOLUBLE

MEDIATOR PROFILE. To comprehensively charac-
terize the inflammatory profile of human PF, the
acellular portion was probed for determining the
concentration of various mediators (Figure 1A).
Suggestive of a homeostatic environment, both anti-
inflammatory and regulatory cytokines, such as
IL-10 and IL-1RA, and proinflammatory cytokines,
including IL-6, -18, and -23, were detected in PFsup
(Figure 1B). Chemokines related to myeloid (eg,
MCP-1, IP-10, and MIP-1d) and lymphocytes (eg, IP-10,
CCL21, and CXCL12) recruitment and retention were
elevated in the PF, consistent with the presence of
these cells within the environment (Figure 1C). These
immune mediators were accompanied by numerous
growth factors and extracellular matrix (ECM)
remodeling regulators. Notably, the concentration of
TGF-b1, TGF-b2, and fibroblast growth factor (FGF)-2
was higher in human PFsup (Figure 1D). MMP-2 and
-13, 2 collagenases involved in the breakdown of ECM,
had a higher pericardial concentration compared with
other MMPs (Figure 1E). TIMPs can dampen MMP ac-
tivity locally, so we measured the concentration of
TIMPs in the same PFsup samples (Figure 1F). TIMP-1,
which participates in wound healing, cell morphology
and survival, angiogenesis, and inflammatory re-
sponses, was the most abundant form.

THE SOLUBLE MEDIATOR PROFILE OF HUMAN PF IS

DISTINCT FROM CIRCULATING MARKERS IN SERUM.

To compare between the mediator profile in PFsup
and serum, in addition to collecting PF, blood was
obtained from 10 patients enrolled in the study
(Figure 2A). With respect to cytokines, significant
differences were noted IFNa2, IL-6, IL-10, IL-15, IL-18,
tumor necrosis factor alpha, soluble CD40L, and tu-
mor necrosis factor-related apoptosis-inducing ligand
(Figure 2B). Notably, the pericardial concentration of
IL-6, -10, and -15 was markedly higher compared with
their respective concentrations in serum. Differences
were also observed for chemokines, where most of
the mediators that were probed for had significantly
different concentrations in the PF compared with
serum (Figure 2C). Similarly, there were marked dif-
ferences in the pericardial vs serum concentrations of
growth factors (Figure 2D). Relevant to fibroblast ac-
tivity and fibrosis, FGF-2 had was found at a higher
concentration in the pericardial space, whereas
TGF-b1 had a significantly higher concentration in
serum. Among MMPs, MMP-2 was found to have the



FIGURE 1 Overall Study Design

(A) Schematic diagram showing the overall study design. (B to F) Cytokines, chemokines, growth factors, MMPs, and TIMPs identified to be present in the acellular

compartment of patients undergoing cardiac surgery. For cytokines, chemokines, and growth factors, the data are derived from pericardial fluid supernatant (PFsup)

collected from 115 undergoing coronary artery bypass grafting (CABG), valve surgery, and combined CABG and valve surgery. The dataset for MMPs and TIMPs was

generated from analyzing the PFsup of 81 patients. Data are presented as box plots.
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FIGURE 2 Collection of PF and Blood Samples

(A) Schematic diagram depicting the collection of PF and blood samples from 10 patients undergoing cardiac surgery. (B to F) Comparison in concentrations of

cytokines, chemokines, growth factors, MMPs, and TIMPs found in PF (blue) vs serum (red). (G) Soluble mediators enriched in serum (red) vs PF enriched (blue).

Multiple Mann-Whitney U tests were performed with a false discovery rate by 2-stage step-up (Benjamini, Krieger, and Yekutieli). Data are presented as box plots.

*P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations as in Figure 1.
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highest concentration in PFsup (Figure 2E), where its
concentration was also significantly higher compared
with serum levels of MMP-2. Important for ECM
remodeling, compared with serum, TIMP-1 and -2
levels were markedly higher in the pericardial space
(Figure 2F). As a snapshot, Figure 2G shows distinct
patterns for soluble meditators enriched in serum vs
those found at higher concentrations in PFsup. Taken
together, these observations provide objective evi-
dence supporting that the PF milieu is: 1) enriched
with soluble mediators; and 2) its profile of these
mediators is different when compared with the sys-
temic circulation.

PT, PERICARDIAL CELLS, AND ATRIAL APPENDAGE

CAN PRODUCE AND SECRETE INFLAMMATORY

MARKERS INTO PFsup. Given that PF demonstrates a
unique mediator profile, the potential local sources of
these molecules were explored. A segment of the PT,
atrial appendage, and PF cells (PFc) were collected
from 6 patients and cultured in media to measure
mediator release at 24 hours (Figure 3A). Compared
with control (culture media without any PFc), in the
media containing PFc, the concentration of TIMP-1,
TIMP-2, MCP-1, FGF-2, IP-10, IL-6, IL-10, and IL-18
was significantly higher (Figure 3B). For the same
mediators, except for IL-10, there were significant
differences when comparing between control vs atrial
appendage (Figure 3C). PT conditioned media
demonstrated higher levels of TIMP-2 and IP-10
compared with control. Comparing the conditioned
media between tissue sources, atrial appendage tis-
sue secreted more TIMP-1, TIMP-2, FGF-2, MCP-1, and
IL-18 than PT.

PFsup CAN DRIVE HUMAN CARDIAC FIBROTIC ACTIVITY

IN VITRO VIA TGF-b. Many of the factors present in PF
have links to tissue remodeling. Within the neigh-
boring heart, cardiac fibroblasts play a central role in
the regulation of the remodeling process. As such, the
impact of the PF on the modulation of human cardiac
fibroblast phenotype and activation was assessed
following exposure of these cells to PFsup. Bulk RNA
sequencing analysis of human cardiac fibroblasts
revealed significant transcriptional changes between
PFsup and control media exposure (Figure 4A). A total
of 335 differentially expressed genes (DEGs) were
identified; 265 were enriched in the PFsup condition
and 70 genes were enriched in the control media
setting (log 2-fold change, and adjusted P < 0.05).
Ingenuity pathway analysis of these DEGs identified
pathways linked to tissue remodeling and fibrotic in
cardiac fibroblasts exposed to PFsup (Figure 4B). The
pathways that were enriched with PFsup were related
to cell-cell/cell-ECM junction and fibrotic . Control
media were linked with enriched pathways related to
autophagy and inositol triphosphate biosynthesis. To
evaluate the PFsup mediated effect we then used a
well-characterized three-dimensional collagen gel
contraction assay that provides an assessment of
these pathways with contractile force generation with
functional fibroblast-collagen integration. These
functions are good predictors of fibrotic activity
in vivo. Human cardiac fibroblasts were seeded in a
rat tail collagen l3D matrix and exposed to PFsup. At
48 and 72 hours, there was significant gel contraction
(Figure 4C). Such an observation is indicative of
increased fibroblast activity when these cells are
exposed to PFsup in vitro.

Evaluation of potential upstream mediators of
DEGs in the PFsup stimulated human cardiac derived
fibroblasts identified TGF-b1 as the top ligand
(Figure 4D) with numerous up-regulated downstream
targets in its network (Figure 4E). It should be noted
that Figure 4D shows the top and bottom 5 ligands,
based on the z-score, respectively. The remainder
were truncated (as depicted by the dashed green
line). The full list is provided in Supplemental
Figure 1, with the highest z-scores in orange (left)
and lowest z-scores in blue (right).

Given these findings, along with its presence in
PFsup, we queried whether inhibiting TGF-b can
attenuate PFsup-mediated fibrotic activity in vitro.
The TGF-b signalling pathway was first interrogated
at the receptor level. Inhibition of TGF-b receptor 1
(TGF-bR1i) in cardiac fibroblasts treated with PFsup
resulted in significant decrease in myofibroblast
related-genes (ACTA2, POSTN) (Figure 4F) and fibrotic
activity in vitro (Figure 4G). These results were
further corroborated with the use of a TGF-b-blocking
antibody in the same experiment setup, which also
resulted in reduced fibrotic activity in vitro
(Supplemental Figure 2A).

PFsup LIKELY DRIVES FIBROTIC ACTIVITY VIA THE

CLASSICAL CANONICAL SMAD PATHWAY AND

INHIBITING FGF DOES NOT BLUNT PFsup-MEDIATED

FIBROTIC ACTIVITY IN VITRO. Western blotting
confirmed the downstream PFsup-mediated activa-
tion of the SMAD proteins, where total SMAD3
expression levels were significantly increased in fi-
broblasts treated with PFsup (Supplemental
Figure 2B). Activated SMAD3 levels did not signifi-
cantly change upon exposure to PFsup (data not
shown). To explore whether noncanonical pathways
were involved, the addition of rapamycin was used to
inhibit of mammalian target of rapamycin.
Rapamycin-mediated mammalian target of rapamy-
cin inhibition did not impact the fibroblast activity by

https://doi.org/10.1016/j.jacbts.2024.06.007
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FIGURE 3 Collection and Culture of Different Pericardial Tissues

(A) Schematic showing the collection and culture of different pericardial tissue, including PF cells (PFcs), pericardium (PT), and right atrial

appendage (APP). These tissue sources were collected from 6 patients. (B) PFcs were cultured in media and compared with media alone

(controls). PFcs produced and secreted a significantly higher concentration of various mediators. The Student t test was done for statistical

purposes and a P value of <0.05 was considered significant. (C) Segments of pericardium and right atrial appendage were also collected and

cultured. Cultured media from each tissue source was analyzed using multiplex and probed for their concentration of soluble mediators.

There were significant differences noted between the tissue sources and specific factors. Analysis was done after normalizing based on

weight for each tissue source. One-way analysis of variance with Tukey’s post hoc test was done. Data are presented as mean � SD. *P < 0.05;

**P < 0.01; ***P < 0.001.
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FIGURE 4 Bulk RNA-seq

Continued on the next page
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PFsup stimulation (Supplemental Figure 2C). Wnt1
was also identified as a potential upstream mediator
by the RNA sequencing analysis and the Wnt pathway
is associated with fibrotic activity and there is a
strong crosstalk with TGF-b signalling.30 The addition
of Notum, a carboxylesterase known to inhibit Wnt ,
did not decrease PFsup-induced fibrotic activity
in vitro (Supplemental Figure 2D). FGF-2 was also
found in PFsup and has been noted to counteract
TGF-b in fibroblasts. Given its importance in fibro-
blast activity, we determined whether PFsup-
mediated fibrotic activity was at all dampened via
FGF. An FGF receptor inhibitor (FGFR1i) was added to
cardiac fibroblasts treated with PFsup. However, this
addition did not result in a significant attenuation of
fibrotic activity in vitro (Supplemental Figure 2E).
These observations suggest that PFsup can activate
TGF-b through the classical canonical SMAD-
dependent pathway in cardiac fibroblasts.

BMP4 CAN CONTRIBUTE TO PFsup-MEDIATED

FIBROTIC ACTIVITY. Our multiplex analysis found
that the concentration of TGF-b1 in PFsup was in the
picogram/mL range. However, when cardiac fibro-
blasts were treated with that concentration of exog-
enous recombinant human TGF-b1 (rhTGF-b1), no
significant fibrotic activity was noted in vitro
(Supplemental Figure 3A), suggesting that PFsup
likely sensitizes fibroblasts through other mediators
to respond to lower TGF-b levels present in the PF.
Upstream regulators were analyzed to filter the
impact of TGF-b and identify alternative mediator-
driven priming pathways. Potential upstream regu-
lators were identified based on genes that were not
different between PFsup exposed samples in the
presence or absence of the TGF-bR1i, but were equally
up-regulated relative to media control samples. This
streamlined analysis revealed 8 plasma membrane
FIGURE 4 Continued

(A) Bulk RNA sequencing (RNA-seq) was performed on human cardiac fib

human samples for right atrial appendage-derive cardiac fibroblasts and

transforming growth factor (TGF)-b was one of the hits. (C) Human card

compartment of PF, also known as PFsup. Gel contraction was used as a

increase in fibrotic activity. Experiments were done on 26 distinct patient

to be significant. Data are presented as mean � SD. *P < 0.05; **P < 0

highest in fibroblasts treated with PFsup compared with controls. The lis

lowest z-score (top and bottom 5). The complete list of ligands is provi

established upstream regulators, such as IFN-g. (F) Inhibition of TGF-b re

in fibrotic activity in vitro. The experiment was done on 10 distinct biologi

considered to be significant. Data are presented as mean � SD. *P < 0.0

identifying upstream genes that were down-regulated compared with fi
proteins, including BMP receptor-1 (BMPR1)
(Supplemental Figure 3B). BMPR1 network analysis
with integration of DEGs uncovered multiple input
including BMP4 (Supplemental Figure 3C). Given
these observations, using multiplex analysis, we next
confirmed the presence of BMP4 in PFsup of patients
undergoing CABG (Supplemental Figure 3D). We
treated cardiac fibroblasts with exogenous recombi-
nant BMP4 and noted significant fibrotic activity
in vitro at the same concentration range as was found
in PFsup (Supplemental Figure 3E). Finally, when
dorsomorphin, a known inhibitor of BMP , was added
to fibroblasts treated with PFsup a significant
decrease in fibrotic activity was noted in vitro
(Supplemental Figure 3F). Taken together, these ob-
servations provide evidence supporting the role BMP
plays in PFsup-mediated fibrotic activity.

THERE ARE KINETIC DIFFERENCE IN THE

PFsup-MEDIATED FIBROTIC ACTIVITY OF CABG VS

VALVE SURGERY PATIENTS IN VITRO. We exposed
cardiac derived fibroblasts to PFsup obtained from 13
CABG patients and 13 valve surgery patients and
noted a difference in the kinetics for fibrotic activity
in vitro (Figure 5A). Patient characteristics are sum-
marized in Table 2. At 48 hours, PFsup from CABG
patients was able to induce fibrotic activity, whereas
PFsup from valve surgery patients resulted in signif-
icant fibrotic activity at 72 hours (Figure 5A). To
delineate the mechanism driving this observation and
given our finding on TGF-b1 and BMP, we queried
whether the concentration of these effector mole-
cules is different in PFsup of CABG patients compared
with valve surgery patients, but did not note a sig-
nificant difference (Figures 5B and 5C). These obser-
vations suggest 2 important phenomena. First, CAD
can affect the profibrotic potential of human PFsup
(kinetics). Second, although TGF-b1 and BMP4 can
roblasts, identifying up-regulated and down-regulated genes. Analysis was done on 6 distinct

PFsup collected from 6 patients. (B) Canonical pathways were interrogated in silico, where

iac fibroblasts were seeded in a rat tail collagen type I macrogel and treated with the acellular

marker of fibrotic activity in vitro. At 48 and 72 hours after treatment, there was a significant

samples and analysis was done using the Student t test where a P value of <0.05 was taken

.01; ***P < 0.001. (D) Upstream genes were sorted by z-score and TGF-b1 was found to be

t is truncated (as evidenced by the green dashed line) to show the ligands with the highest and

ded in Supplemental Figure 1. (E) Further in silico analysis of TGF-b1 revealed the well-

ceptor 1 (TGF-bR1i) in cardiac fibroblasts treated with PFsup resulted in significant decrease

cal replicates. The Student t test was done for statistical purposes and a P value of <0.05 was

5; **P < 0.01; ***P < 0.001. (G) RNA-seq was performed on fibroblasts exposed to TGF-bR1i,

broblasts that were treated with only PFsup. Abbreviations as in Figure 1.
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FIGURE 5 The Kinetics of Pericardial Fluid-Driven Cardiac Fibrosis In Vitro

(A) Human cardiac fibroblasts were treated with PFsup obtained from CABG patients (n ¼ 13) and valve surgery patients (n ¼ 13), where a

difference in the kinetics of fibrotic activity was noted in vitro. A Student t test was used for statistical purposes where P < 0.05 was taken to

be significant. The PFsup concentration of TGF-b1 (B) and bone morphogenic protein (BMP)-4 (C) was not significantly different in CABG vs

valve surgery patients. (A and C) Data are presented as mean � SD, *P < 0.05; **P < 0.01; ***P < 0.001. (B) Data are presented as box plots.

Other abbreviations as in Figures 1 and 4.
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drive PFsup-mediated fibrotic activity in vitro, there
are likely other factors present in PFsup that
contribute to its fibrotic capacity.

DISCUSSION

The pericardial space is a rich reservoir of biologically
active factors,3 and, given its proximity to the heart, it
can have an important diagnostic and therapeutic
role. Moreover, inflammation and immune-mediated
processes continue to be implicated in the patho-
genesis of various cardiovascular diseases, such as
atherosclerosis, CAD, and valvular heart diseases.31-34

However, little attention has been given to this space
and its content, because clinicians and scientists have
focused mainly on circulating markers to diagnose
cardiovascular diseases. In the present study, we
comprehensively characterize the soluble mediator
profile of the acellular component, or supernatant
sup, of PF in patients undergoing CABG and valve



TABLE 2 Baseline Patient Demographics for 13 CABG and

13 Valve Surgery Patients, Where the In Vitro Profibrotic

Potential of PFsup Was Compared

CABG
(n ¼ 13)

Valve Surgery
(n ¼ 13)

Mean age (y) 69.1 � 12.6 67.8 � 9.4

Sex

Male 11 6

Female 2 7

Hypertension 12 9

Dyslipidemia 13 11

Diabetes

Type I 0 0

Type II 3 1

Insulin-dependent 0 0

Smoking

Active 2 1

Remote 7 6

Atrial fibrillation

Paroxysmal 0 0

Permanent 1 4

Severe LV dysfunction 2 0

Chronic kidney disease

eGFR <45 mL/min 2 2

Dialysis dependent 0 0

Chronic obstructive lung disease 4 1

Peripheral arterial disease 0 2

Cerebrovascular disease 1 0

Rheumatoid disease 0 0

Autoimmune disease 0 0

Immunosuppressed 0 0

Active infective endocarditis 0 0

Preoperative medication use

Steroids 0 0

Aspirin 13 9

NSAIDs 0 0

Anti-inflammatory 0 0

Antibiotics 0 0

Values are mean � SD or n.

Abbreviations as in Table 1.
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surgery. In doing so, we quantify precisely the con-
centration and anticipated ranges of cytokines, che-
mokines, growth factors, and MMPs.

Although more extensive research is needed to
elucidate the exact mechanisms, these mediators can
have important clinical implications, such as poten-
tially contributing to postoperative atrial fibrillation4

and ischemia/reperfusion injury.35 For example,
IL-23, one of the cytokines we found in PFsup, is
proinflammatory and elevated in myocardial tissue
exposed to ischemia/reperfusion injury.35 Thrombo-
poietin, another immune mediator we found in
PFsup, has been shown to enhance platelet activation
and monocyte-platelet interaction in patients with
unstable angina.36 Furthermore, immune markers
and inflammatory pathways are believed to drive the
formation of postsurgical pericardial adhesions,
which also have significant clinical implications,
especially for patients undergoing repeat heart
surgery.37

TGF, and TGF-b1 in particular, has been shown to
play a critical role in fibrosis.38 Importantly, TGF-b1 is
associated with collagen secretion and activation in
myocardial fibroblasts, which play a pivotal role in
developing cardiac fibrosis and heart failure.39-42 Our
study shows that PFsup can influence cardiac fibro-
blast activity in vitro through the TGF-b pathway.
Whether this specific pathway can contribute to
clinical sequalae remains to be further explored. If
proven to be essential in driving pathologies, such as
CAD, or postoperative complications, including
postoperative atrial fibrillation and postsurgical
pericardial adhesions, we may be able to target the
TGF-b pathway locally and precisely to improve out-
comes while minimizing the risks of systemic side
effects. Ongoing work in our laboratory is focused on
creating a large animal model of postsurgical peri-
cardial adhesions so we can evaluate whether block-
ing TGF-b using receptor inhibitors or monoclonal
antibodies can decrease the number and severity of
adhesions.

BMPs are a group of evolutionarily conserved
secretory proteins that play an important role in
growth and development.43 Except for BMP-1, all
BMPs belong to the TGF-b superfamily, and are
associated strongly with different cardiovascular
diseases, including atherosclerosis.44 Our study
shows that PFsup can drive fibrotic activity in vitro
through BMP-4 and BMP. Our findings can have
important clinical implications. Previous studies have
determined that the level of BMP-4 was increased in
the aortic wall in an atherosclerosis mouse model45; it
could accelerate foam cell formation and atheroscle-
rosis through SMAD ,46 and it can induce endothelial
inflammation and endothelial dysfunction in vivo
and in vitro.47,48 Evidence also supports the effects of
BMP-4 in mediating cardiac hypertrophy, apoptosis,
and fibrosis in experimentally pathological
cardiac hypertrophy.49 Although more research is
warranted, our work taken together with these
studies, suggests that BMP-4 plays an atherogenic
and proinflammatory role in early atherosclerosis. It
will be important to determine whether blocking BMP
and inhibiting BMP-4 in the pericardial space can
translate into a decrease in the progression of
atherosclerosis or the development of heart failure.

Collectively, our findings in this study underscore
several important concepts, which may have clinical
implications. Human PF is composed of mediators
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involved in inflammation and tissue remodeling.
These profiles and levels differ considerably from
those observed in the blood, highlighting the PT has
its own unique environment. Moreover, for the first
time, we show that tissues and cells present in the
pericardial space can contribute to these local factors
in human PF. Importantly, we uncover that human
PFsup can potentiate cardiac fibrotic activity in vitro.
Given that TGF-b can drive fibrotic processes, our
findings may have clinical applications where the
administration of inhibitors into the pericardial space
could potentially attenuate cardiac fibrosis and its
adverse sequalae. Finally, and perhaps most signifi-
cantly, for the first time we found that CAD can affect
the kinetics of PFsup-mediated fibrotic activity
in vitro. Although more investigations are warranted,
this finding emphasizes the notion that CAD can alter
the local environment; in this study, such an
alteration manifests in a more expeditious fibrotic
capacity in vitro. It will be essential to determine
whether any of the secreted factors can translocate to
the heart to mitigate adverse injury-induced cardiac
remodeling.

CLINICAL IMPLICATIONS. Many studies have re-
ported on how cardiovascular diseases affect sys-
temic inflammatory mediators. To date, little
attention has been given to the local immune micro-
environment surrounding the heart. In the present
study, we comprehensively characterize the inflam-
matory profile of human PF. Of clinical relevance, we
show that human PF contains mediators that can
drive profibrotic processes in vitro via the TGF-b
pathway. Finally, we show that the PF of patients
with CAD has an increased profibrotic capacity
compared with PF collected from patients without
CAD. Although more mechanistic and translational
work is needed, the clinical implications of this study
are that: 1) CAD can affect the inflammatory mediator
profile of PF; 2) the acellular component of PF can
drive profibrotic processes; and 3) these fibrotic pro-
cesses are mediated via the TGF-b pathway.

STUDY LIMITATIONS. Although our study provides
novel insight into the mediator profiles of human PF
and implicates some of its contents in driving fibrotic
activity in vitro, it does have a few limitations. First,
given that this was a pilot study, we could not deduce
whether any specific immune mediators present in
PFsup can be used as diagnostic or prognostic bio-
markers for cardiovascular disease. Second, in this
study, we use a rat tail collagen macrogel model as a
surrogate for fibrosis. Ongoing work in our group aims
at evaluating whether our observations are recapitu-
lated by other in vitro assays and, more clinically
relevant, by imaging modalities powered to assessing
cardiac fibrosis, such as cardiac magnetic resonance.
Third, although we diligently elucidate the mecha-
nism by which 2 PFsup-mediated pathways drive
fibrotic activity in vitro, we are presently unable to
comment on whether manipulating these pathways
has any effects in vivo or clinically. Finally, although
not the objective of this study, because patients were
not followed long term, we are not able to comment
on whether the inflammatory profile of native PF can
be used to predict postsurgical outcomes in patients
undergoing cardiac surgery.

CONCLUSIONS

In addition to providing a homeostatic niche, given
its proximity to the heart, PF can be an important
indicator of cardiac function and disease. Although
initially considered static, mounting evidence sug-
gests that PF and the pericardial space are dynamic
and undergo changes in response to myocardial
injury and surgical interventions. Herein, for the first
time, we comprehensively characterize the inflam-
matory profile of human PF. We also show that PF can
drive cardiac fibroblast activity in vitro through the
TGF-b pathway. Ongoing work is focused on deter-
mining whether specific pericardial inflammatory
markers contribute to cardiovascular pathologies,
including atrial fibrillation and cardiomyopathies.
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PERSPECTIVES

COMPETENCEY IN MEDICAL KNOWLEDGE: This

study provides insight into the inflammatory profile of the

human PF, offers clues on the sources of these local

markers, shows that different diseases can affect the

composition of the mediator profile, and suggests that

human PF can drive profibrotic processes, where the

TGF-b pathway is implicated.

TRANSLATIONAL OUTLOOK: The next steps to the

present work are to: 1) identify which specific pericardial

mediator can drive profibrotic processes in vitro;

2) determine whether that mediator can impact fibrosis

in vivo using a high fidelity large animal model that can

accurately evaluate cardiac fibrosis; 3) aim to use agents

that can target the implicated mediator in the pericardial

space and investigate whether cardiac fibrosis can be

attenuated; and 4) once the safety and efficacy of local,

targeted therapy has been shown in preclinical studies,

develop a pilot clinical trial that can assess the clinical

usefulness and benefit of the identified agent.
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