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A B S T R A C T   

Background: Cardiac fibrosis contributes to end-stage extracellular matrix remodeling and heart failure (HF). 
Cardiac fibroblasts (CFs) differentiate into myofibroblasts (myoFbs) to preserve the structural integrity of the 
heart; however, the molecular mechanisms regulating CF transdifferentiation remain poorly understood. Protein 
arginine deiminase (PAD), which converts arginine to citrulline, has been shown to play a role in myocardial 
infarction, fibrosis, and HF. This study aimed to investigate the role of PAD in CF differentiation to myoFbs and 
identify the citrullinated proteins that were associated with phenotypic changes in CFs. 
Results: Gene expression analysis showed that PAD1 and PAD2 isoforms, but not PAD4 isoforms, were abundant 
in both CFs and myoFbs, and PAD1 was significantly upregulated in myoFbs. The pan-PAD inhibitor BB-Cl- 
amidine (BB-Cl) downregulated the mRNA expression of PAD1 and PAD2 as well as the protein expression of 
the fibrosis marker COL1A1 in CFs and myoFbs. Interestingly, a proteomic approach pointed to the activation of 
the Nrf2/HO-1 signaling pathway upon BB-Cl treatment in CFs and myoFbs. BB-Cl administration resulted in the 
upregulation of HO-1 at both the gene and protein levels in CFs and myoFbs. Importantly, the protein citrulli
nation landscape of CFs consisting of 86 novel citrullination sites associated with focal adhesion (FN1(R1054)), 
inflammation (TAGLN(R12)) and DNA replication (EEF2(R767)) pathways was identified. 
Conclusions: In summary, we revealed that BB-Cl treatment resulted in increased HO-1 expression via the Nrf2 
pathway, which could prevent excessive tissue damage, thereby leading to substantial clinical benefits for the 
treatment of cardiac fibrosis.   

1. Introduction 

Heart failure (HF) is a progressive condition that affects a substantial 
number of people in the U.S. and around the world [1,2]. It is a complex 
clinical syndrome characterized by the reduced ability of the heart to 

pump blood [3,4]. The most common conditions leading to HF are 
coronary artery disease, high blood pressure and previous myocardial 
infarction (MI) [5]. In response to disease stimuli, cardiac fibroblasts 
(CFs) differentiate into myofibroblasts (myoFbs), which exhibit prolif
erative and invasive properties and initiate the reparative healing 
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response [6]. Importantly, the activation of CFs into myoFbs is a critical 
step in the development of cardiac fibrosis [7]. 

Extensive research in the last decade has revealed that post-trans
lational modifications (PTMs), including phosphorylation, ubiquitina
tion, methylation, acetylation, SUMOylation, and succinylation, play 
important roles in pathological cardiac hypertrophy pathways [8]. In 
recent years, citrullination, an irreversible enzymatic PTM in which 
arginine is converted to citrulline, an atypical residue, has gained 
increasing attention due to its involvement in various physiologic and 
pathologic conditions [9]. The loss of a positive charge on the arginine 
residue due to citrullination perturbs the number of intra- and inter
molecular electrostatic interactions, causing alterations in protein 
structure and function. The protein arginine deiminase (PAD) family of 
enzymes, PAD1, PAD2, PAD3, PAD4 and PAD6, which share 50–90% 
sequence identity, catalyzes citrullination in the presence of excess 
calcium [10]. PAD dysregulation and increased citrullination have been 
associated with epigenetic events [11], pluripotency [12], immunity 
[13], and transcriptional regulation [14]. Current research often in
vestigates citrullination, neutrophil trap (NET) formation, PAD over
expression, and extracellular DNA accumulation in chronic diseases, 
such as rheumatoid arthritis [15], multiple sclerosis [16] and 
age-related organ fibrosis dysfunctions [17–19]. The ability of 
PAD4-mediated histone citrullination to induce NETosis in an aged 
fibrotic mouse model [18,19] prompted us to ask whether PAD can play 
a role in the fibrosis process through processes other than NETosis. 

In this study, we investigated the role of PADs in the differentiation 
of CFs to myoFbs and elucidated the mechanisms involved. We deter
mined the citrullinated proteins and modified arginines that are asso
ciated with this biological switch using state-of-the-art proteomics 
methods. We hope that revealing the comprehensive citrullinated pro
teome and its rearrangement following the activation of CFs could lead 
to important clinical benefits for the treatment of cardiac fibrosis. 

2. Methods 

2.1. Human cardiac fibroblast (CF) cell culture 

Human cardiac fibroblast (CF) primary cells (source: normal human 
fetal heart from a single donor: Caucasian 21 weeks gestation) were 
obtained from Sigma Aldrich (St. Louis, MO, USA; catalog number: 
306–05 F) and grown in a humidified incubator containing 5% CO2 and 
95% air at 37 ◦C in DMEM/F12 medium (Gibco, Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS, Gibco, Waltham, MA, 
USA) and 1% antibiotic-antimycotic 100X (Gibco, Waltham, MA, USA). 
CFs were cultured on dishes coated with 0.2% gelatin and subcultured 
every 2–3 days using TripLE Express enzyme (Gibco, Waltham, MA, 
USA) until passage number 7. One day before stimulation, the cells were 
starved in 1% FBS and then activated with 10 ng/ml TGF-β1 (R&D 
Systems, Minneapolis, MN, USA) for 24 h to initiate myoFb differenti
ation. The pan-PAD inhibitor BB-Cl-amidine (500 nM) was added 15 min 
before stimulation with TGF-β1. The toxicity of BB-Cl-amidine was 
evaluated at 24 h using MTT assays. 

2.2. MTT metabolism assay 

To assess CF cell viability after 24 h of BB-Cl-amidine treatment, 10 
µL of a 10 mg/ml MTT solution (Sigma–Aldrich, St. Louis, MO, USA) 
was added to each well and incubated at 37 ◦C for 1 h. Then, the medium 
was aspirated, 200 µL of DMSO was added, and the plate was shaken for 
1 h to dissolve the dye. The absorbance was measured at 570 nm using a 
Synergy™ 2 microplate reader (BioTek Instruments Inc., Winooski, VT, 
USA). 

2.3. Quantitative reverse transcription polymerase chain reaction 
(RT–qPCR) 

The expression levels of genes related to the differentiation of cardiac 
fibroblasts to myofibroblasts (COL1A1, ACTA2, TGF-B1, FN-1, LOXL2, 
IL-6, HO-1) and PAD isoforms (PAD1, PAD2, PAD3, PAD4) were deter
mined according to a previously described protocol [20]. Briefly, RNA 
was isolated using the ReliaPrep™ RNA Cell Miniprep System (Promega, 
Madison, WI, USA) and transcribed to cDNA with the High-Capacity 
cDNA Reverse Transcription Kit (Thermo Scientific, Waltham, MA, 
USA). The primers used in these experiments included COL1A1: 5′ 
GGACACAGAGGTTTCAGTGGT 3′ (forward), 5′ CAC CATCATTTCCAC
GAGCA 3′ (reverse); ACTA2: 5′ ACTGCCTTGGTGTGTGACAATGG 3′ 
(forward), 5′ TGGTGCCAGATCTTTTCCATG 3′ (reverse); TGF-B1: 5′ 
GCAGCACGTGGAGCTGTA 3′ (forward), 5′ CAGCCGGTTGCTGAGGTA 3′ 
(reverse); FN-1: 5′ AGCAGACCCAGCTTAGAGTT 3′ (forward), 5′ GCA
GAAGTGTTTGGGTGACT 3′ (reverse); LOXL2: 5′ GCGTCACTGACTG
CAAGCAC 3′ (forward), 5′ CGAATCCGA ATGTCCTCCAC 3′ (reverse); 
IL6: 5′ ACTCACCTCTTCAGAACGAATTG 3′ (forward), 5′ 
CCATCTTTGGGAGGTTCAGGTTG 3′ (reverse); PAD3: 5′ CTGGATTGC
GACCTGAACTG 3′ (forward), 5′ TGTGGTCATCAAAGAGGGCT 3′ 
(reverse); PAD4: 5′ ACTCTCCAAGGAACAGAGG 3′ (forward), 5′ 
GGTATTCCTTGCCCCTGACT 3′ (reverse) and 2x SsoAdvanced™ Uni
versal SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA) was used 
for real-time PCR. Primers for PAD1, PAD2, GAPDH and HO-1 were 
commercially ordered from Bio-Rad (Hercules, CA, USA) and RealTi
mePrimers (Mountain Ave, PA, USA). Analysis of relative gene expres
sion was performed by the CFX96 Touch Real-Time PCR Detection 
System (Bio-Rad, Hercules, CA, USA) with GAPDH as an internal refer
ence gene, and the data were analyzed using the 2–ΔΔCt method in an 
Excel spreadsheet. 

2.4. Immunoprecipitation (IP) 

Fifty microliters of Dynabeads Protein G coupled magnetic beads 
(Invitrogen, Waltham, MA, USA) was washed with PBS and then incu
bated with 2.5 μg of the corresponding antibodies anti-PAD1 (Cayman, 
Ann Arbor, MI, USA), anti-PAD2 (Abcam, Cambridge, UK) and anti- 
PAD4 (Abcam, Cambridge, UK) at room temperature for 1 h. Then, 
the protein lysate samples (50 µg) were incubated with antibodies bound 
to magnetic beads for 16–20 h at 4 ◦C. The next day, the reaction so
lution was washed two times with 50 mM Tris/10 mM NaCl, pH 8.5. 
After thorough washing, the purified proteins were eluted with 1 ×
Laemmli sample buffer (Sigma). IP samples (20 µL) were separated by 
SDS–PAGE and then transferred onto PVDF membranes using the 
Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA) as 
described below to confirm the presence of PADs. As a positive control, a 
PAD cocktail (active) (SignalChem, British Columbia, Canada) was used. 

2.5. Western blot 

CFs were lysed in 2% SDS and 50 mM DTT in 0.1 M Tris-HCl (pH 7.6). 
The protein concentration was measured by a Pierce 660 nm Protein 
Assay Kit (Thermo Scientific, Waltham, MA, USA). Cell lysates con
taining equal amounts of total protein were mixed with 4x Laemmli 
Sample Buffer (Bio-Rad, Hercules, CA, USA) and incubated at 96 ◦C for 
5 min. Protein samples (10 µg of protein per well) were separated on 
SDS-polyacrylamide gels (4–15%) (Criterion™ TGX™ Precast Gels, Bio- 
Rad, Hercules, CA, USA) using a Laemmli buffer system and then 
semidry transferred to PVDF membranes by a Trans-Blot Turbo Transfer 
System (Bio-Rad, Hercules, CA, USA). The membranes were blocked 
with 5% bovine serum albumin in PBS at room temperature for 1 h and 
incubated overnight at 4 ◦C with specific anti-collagen I (Abcam, Cam
bridge, UK) and anti-HO-1 (Proteintech, Rosemont, IL, USA) (concen
tration 1:1000) as well as anti-PAD1 (Cayman, Ann Arbor, MI, USA), 
anti-PAD2 (Abcam, Cambridge, UK) and anti-PAD4 (Abcam, 
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Cambridge, UK) (concentration 1:500) primary antibodies. Incubation 
with HRP-conjugated secondary antibodies (Bio-Rad, Hercules, CA, 
USA) was performed at room temperature for 1 h (dilution 1:10 000). 
Protein bands were developed by applying Clarity™ Western ECL Sub
strate (Bio-Rad, Hercules, CA, USA) for 1 min. Precision Plus Protein 
Kaleidoscope Standards (Bio-Rad, Hercules, CA, USA) were used for 
molecular weight determinations. Protein bands were visualized and 
imaged by using an ImageQuant LAS 4000 scanner (GE Healthcare, 
Chicago, IL). Later, the blot was stained with Direct Blue 71 (Sigma
–Aldrich, St. Louis, MO, USA) and developed for total protein level 
normalization. 

2.6. Liquid chromatography-tandem mass spectrometry (LC–MS/MS) 
analysis of CFs 

CFs were lysed in a buffer containing 0.1 M Tris-HCl, pH 7.6, 2% SDS, 
and 50 mM DTT (Sigma Aldrich, St. Louis, MO, USA) at 96 ◦C for 10 min. 
The protein concentration was determined by a Pierce 660 nm Protein 
Assay Kit (Thermo Scientific, Waltham, MA, USA). Seventy micrograms 
of protein was digested overnight using the filter-aided sample prepa
ration (FASP) method [21,22] with endoproteinase Lys-C (enzyme-to-
protein ratio 1:35) as the digestion enzyme [23]. Next, the samples were 
cleaned on an Oasis HLB plate (Waters, Milford, MA, USA) prior to 
LC− MS/MS analysis. All samples were dissolved in 0.1% formic acid at a 
concentration of 0.5 µg/µL and spiked with the iRT peptides (Biognosys, 
Schlieren, Switzerland). 

One microgram of peptide was analyzed by LC–MS/MS using an 
Ultimate 3000 LC and an Orbitrap Lumos Fusion MS (Thermo Fisher 
Scientific, Waltham, MA, USA). An M3 multinozzle emitter (Newomics, 
Berkeley CA, USA) was used to electrospray eluting peptides into the 
mass spectrometer at 3.9 kV with the sheath gas set to 20 (arbitrary 
units). Peptides were loaded into a Luna Omega trapping column (300 
µm I.D. × 2 cm, Polar C18 3 µm, 100 Å, Phenomenex) and separated over 
a 60-minute reversed-phase gradient at 8 µL/min on a Luna Omega 
analytical column (300 µm I.D. × 15 cm, Polar C18 3.0 µm, 100 Å). The 
analytical gradient started at 5% mobile phase B (0.1% formic acid in 
acetonitrile). The mobile phase B composition linearly increased to 30% 
at 45 min, then increased to 40% at 50 min, and finally linearly 
increased to 45% B at 60 min. Mass spectrometry data were acquired 
using a data-independent method (DIA) and a data-dependent method 
(DDA) for library preparation. The precursor MS1 scans were acquired 
at 120 K resolution and spanned the 400–1000 m/z range. The 
maximum injection time was set to 50 ms, and the AGC target was set to 
400,000. After each MS1 scan, the entire 400–1000 m/z range was 
fragmented by HCD with 30% normalized energy in nonoverlapping 15 
m/z windows (40 DIA scans following each MS1 scan). The DIA scans 
were acquired at 15 K resolution with AGC set to 500,000 and a 
maximum injection time of 30 ms. 

DDA data were searched against the human UniProt database and 
MaxQuant Contaminants list using the Pulsar search engine in Spec
tronaut software (Biognosys, Schlieren, Switzerland)[24] with the 
following parameters: ± 40 ppm mass tolerance on MS1 and MS2 level, 
mutated decoy generation method, Lys-C enzyme specificity, 1% protein 
and PSM false discovery rate (FDR). The library was generated using 3–6 
fragment ions per precursor. The generated CF library was used to 
analyze DIA data in Spectronaut software. Data were filtered by 1% FDR 
at the peptide and protein levels, while quantitation and interference 
correction were performed at the MS2 level. The data were normalized 
by a global regression strategy, and Q-value filtering without imputation 
was applied. Statistical analysis of differential protein abundance was 
performed at both MS1 and MS2 levels [25] using unpaired t tests with 
multiple testing correction after Story [26]. 

2.7. Mapping citrullination sites using a hypercitrullinated library 
approach 

To prepare a hypercitrullinated library, CFs were lysed as previously 
described. To digest proteins and preserve citrullinated residues, the 
FASP method with Lys-C as the digestion enzyme was used. The dei
midation reaction was performed using Microcon-30 centrifugal filters 
during the FASP protocol as previously described [23]. Then, the sam
ples were desalted on an Oasis HLB plate (Waters, Milford, MA, USA). To 
prepare the library, samples were fractionated using a Pierce™ High pH 
Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the manufacturer’s instructions with 
the modification that each sample was fractionated into 5 fractions with 
7.5%, 10%, 12.5%, 15% and 17.5% ACN in elution solution. Next, the 
samples were run on LC–MS/MS in DDA mode as previously described 
[27]. A hypercitrullinated library was prepared using SpectraST v.4.0. 
Briefly, all data were searched using X! Tandem Native v.2013.06.15.1, 
X! Tandem Kscore v.2013.06.15.1, and Comet v.2014.02 rev.2. The 
search parameters included the following criteria: static modifications of 
carbamidomethyl (C) and variable modifications of oxidation (M), 
deamidation (NQ), and citrullination (R). The parent mass tolerance was 
set at 50 ppm, and the monoisotopic fragment mass tolerance was 100 
ppm (which was further filtered to be <0.05 Da to build the spectral 
library); LysC peptides with up to two missed cleavages were allowed. 
The identified peptides were processed and analyzed by 
Trans-Proteomic Pipeline v.4.8 and were validated using PeptidePro
phet scoring, and the PeptideProphet results were statistically refined 
using iProphet. All peptides were filtered at an FDR of 1% with a peptide 
probability cutoff of ≥ 0.99. To identify citrullinated peptides from DIA 
runs, a hypercitrullinated spectral library generated by SpectraST was 
used with CitFinder software to analyze modified-unmodified peptide 
pairs for physicochemical properties such as ΔRT shift, charge state and 
neutral loss [27]. Statistical analysis of citrullinated peptides was per
formed in Perseus [28]. Citrullinated peptide quantities were normal
ized to their corresponding protein levels. ANOVA with post hoc tests 
and permutation-based FDR correction were used for the statistical 
analysis of data in Perseus. 

2.8. Constructing protein–protein interaction (PPI) networks 

Functional grouping and pathway analysis were performed using 
PINE (Protein Interaction Network Extractor) software [29] with the 
STRING and GeneMANIA databases using a score confidence of 0.4 and 
a ClueGO p value cutoff < 0.05. The mass spectrometry data have been 
deposited to the ProteomeXchange Consortium via the PRIDE partner 
repository [30] with the dataset identifier PXD040885. 

2.9. Ingenuity pathway analysis (IPA) 

Datasets from LC–MS/MS experiments representing differentially 
expressed proteins were imported into Ingenuity Pathway Analysis (IPA, 
Winter Release 2022; Ingenuity Systems, Redwood City, CA, USA; http: 
//www.ingenuity.com) to determine upstream regulators. Upstream 
regulators are a set of proteins/molecules that regulate the expression of 
downstream molecules in a biological network. IPA was also used to 
identify the functional pathways and biological networks. In the 
network, molecules are represented as nodes, and relationships between 
two nodes are represented as lines. All lines were supported by at least 1 
reference from the literature, a textbook, or canonical information 
stored in the Ingenuity Pathway Knowledge Base. Nodes were displayed 
using various shapes that represent the functional class of the protein. 

2.10. Statistical analysis 

Data are expressed as the mean ± SEM. The equality of variance and 
normality of the data were checked by the Brown-Forsythe test and 
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Shapiro–Wilk test, respectively. Based on the results, statistical analysis 
was performed using classic one-way ANOVA, Brown-Forsythe and 
Welch ANOVA or Kruskal–Wallis tests with correction for multiple 
comparisons by controlling the false discovery rate (two-stage linear 
step-up procedure of Benjamini, Krieger and Yekutieli) (GraphPad Prism 
9.3.1, San Diego, CA, USA). Values of p < 0.05 (or q-values for prote
omics experiments) were considered statistically significant. 

3. Results 

3.1. PAD1 and PAD2 are the most abundant PAD isoforms in CFs 

We postulated that CFs express PAD isoforms and that TGF-β1 alters 
their expression as a part of fibrosis pathogenesis. We first investigated 
the PAD1, PAD2, PAD3 and PAD4 mRNA expression levels in CFs using 
quantitative RT–PCR. The most abundant PAD isoforms in untreated 
CFs (control) were PAD1 (cycle threshold (Ct) = 29.8 ± 0.1) and PAD2 
(Ct = 32.3 ± 0.1), followed by PAD4 (Ct = 35.1 ± 0.2). We did not 
detect any mRNA expression of PAD3. To activate CFs, we treated CFs 
with 10 ng/ml TGF-β1 for 24 h to induce their differentiation into 
myoFbs. This differentiation resulted in upregulated mRNA expression 
of fibrosis markers, including collagen alpha-1(I) chain (COL1A1) (FC =
1.52 ± 0.10 vs. FC = 1.02 ± 0.10 in control, p < 0.05), actin, aortic 
smooth muscle (ACTA2) (FC = 1.53 ± 0.03 vs. FC = 1.03 ± 0.10 in 
control, p < 0.05), transforming growth factor beta-1 (TGF-B1) (FC =
1.29 ± 0.05 vs. FC = 1.01 ± 0.06 in control, p < 0.05), and interleukin 6 
(IL-6) (FC = 1.83 ± 0.08 vs. FC = 1.04 ± 0.11 in control, p < 0.001), in 
TGF-β1-stimulated CFs (Fig. 1D, E, F and G). Similarly, we observed a 
statistically significant increase in PAD1 mRNA expression levels (FC =

1.41 ± 0.15 vs. FC = 1.02 ± 0.08 in control, p < 0.01) in CFs treated 
with TGF-β1 compared to control CFs. PAD2 expression only marginally 
increased (Fig. 1B) compared to PAD4 expression, which did not 
considerably change or even declined compared to control CFs (Fig. 1C). 

To test whether inhibition of PAD affects fibrosis, CFs were stimu
lated with TGF-β1 in the presence of the pan-PAD inhibitor BB-Cl- 
amidine. In our experiments, we chose a dose of BB-Cl-amidine equal 
to 500 nM based on the results of the MTT cell viability assay (Fig. 1H). 
The stimulation with TGF-β1 in the presence of BB-Cl did not influence 
cell viability (see Supplemental Fig. 1). Importantly, BB-Cl treatment led 
to the downregulation of both PAD1 (FC = 0.62 ± 0.04 in BB-Cl group 
vs. FC = 1.02 ± 0.08 in control, p < 0.001; FC = 0.77 ± 0.09 in TGF- 
β1 + BB-Cl group vs. FC = 1.41 ± 0.15 in TGF-β1 group, p < 0.0001) 
and PAD2 (FC = 0.54 ± 0.04 in BB-Cl group vs. 1.02 ± 0.08 in control, 
p < 0.001; FC = 0.55 ± 0.04 in TGF-β1 + BB-Cl group vs. FC = 1.10 
± 0.13 in TGF-β1 group, p < 0.0001) mRNA expression in control cells 
and myoFbs (Fig. 1A and B). Conversely, BB-Cl-amidine treatment 
upregulated the mRNA expression of PAD4 (FC = 1.47 ± 0.28 in the 
TGF-β1 + BB-Cl group vs. FC = 0.89 ± 0.08 in the TGF-β1 group, 
p < 0.05) (Fig. 1C). This result might reflect the compensatory role of 
PAD4 in CFs stimulated with TGF-β1 upon pharmacological inhibition of 
PADs. 

By western blot analysis, a 74 kDa band for PADs was detected in IP 
extracts of the in vitro cell culture model, confirming the presence of 
PADs in CFs (see Supplemental Fig. 2). Immunosignal densities were 
detected for PAD1 and PAD2 at the protein level, with a higher signal for 
PAD1 in control samples. The immunosignal for PAD2 was very faint, 
possibly due to the proximity of the 75 kDa IgG band that had been 
eluted from beads. Meanwhile, we did not detect PAD4 at the protein 

Fig. 1. PAD expression in CFs stimulated with TGF-β1 to myoFbs. PAD1 was upregulated in TGF-β1-stimulated CFs and downregulated in response to treatment with 
the pan-PAD inhibitor BB-Cl-amidine. mRNA expression of PAD1 A), PAD2 B), and PAD4 C) in TGF-β1-stimulated CFs for 24 h in the presence of BB-Cl. mRNA 
expression of the fibrosis markers COL1A1 D), ACTA2 E), TGF-β1 F), and IL-6 G) in CFs treated with TGF-β1 for 24 h in the presence of BB-Cl. The toxicity of BB-Cl- 
amidine in CFs was measured using MTT assays at 24 h H). Mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to control; #p < 0.05, 
####p < 0.0001 compared to TGF-β1; n = 7. 
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level, which suggests that the low amount of PAD4 mRNA present in CFs 
was not translated to protein (Supplemental Fig. 2). 

3.2. Proteomic analysis reveals pathways associated with BB-Cl 
administration, including the Nrf2-mediated oxidative stress response 
pathway 

To comprehensively investigate the changes in protein expression 
and citrullination profiles that occur during CF differentiation into 
myoFbs, a qualitative proteomics analysis was conducted. LC–MS/MS 
measurements operated in DDA mode identified 27,822 proteotypic 
peptides, providing a human cardiac fibroblast spectral library 
composed of 5163 protein groups. The obtained library was used to 
analyze DIA runs in Spectronaut. Spectral library recovery was 72.7%, 
and the median protein group CV was approximately 15% (Supple
mental Fig. 3), which allowed for the calculation of a significant cutoff 
equal to a fold change of 1.25 (statistical power greater than 80%). A 
summary of the quality control for the LC–MS/MS runs is shown in 
Supplemental Fig. 3. In summary, 3554 protein groups across all bio
logical conditions were identified and quantified. Using cutoffs of 
q< 0.05 and log2FC≤ 0.322, we found a total of 171 proteins altered in 
BB-Cl-amidine–treated CFs compared to control cells and 187 proteins 
altered in TGF-β1-stimulated cells compared to control cells. Further
more, we identified 181 differentially expressed proteins upon BB-Cl- 
amidine treatment in TGF-β1-stimulated CFs in comparison to TGF-β1- 
stimulated cells (Fig. 2A, B and C). Among several proteins potentially 
involved in the beneficial mechanisms of BB-Cl treatment in CFs 
differentiated into myoFbs, cystathionine gamma-lyase (CSE) was 
upregulated (FC = 1.39) upon BB-Cl administration in TGF-β1-stimu
lated cells. In contrast, extracellular sulfatase Sulf-1 (SULF1), activin A 

(Act A) and RNA-binding protein 24 (RBM24) were all downregulated 
(FC = − 1.61; FC = − 1.47 and FC = − 1.75, respectively, in comparison 
to the TGF-β1 group) in CFs activated to myoFbs upon BB-Cl-amidine 
treatment (Supplemental Table 1). The detailed list of differentially 
expressed proteins and their fold changes across all biological conditions 
are presented in Supplemental Table 1. 

To identify the functional pathways and biological networks as well 
as upstream regulators, we performed enriched pathway analysis based 
on protein expression (PINE) and gene expression (IPA). Enriched 
functional networks generated by PINE indicated that the metabolism of 
the amino acid pathway was activated, shown as orange central nodes, 
and VEGF signaling, cholesterol biosynthesis, and sterol regulatory 
element binding protein (SREBP) pathways were inhibited, shown as 
blue central nodes (Fig. 2D). In turn, IPA analysis pointed to altered 
integrin and actin cytoskeleton signaling in CFs differentiated into 
myoFbs and treated with BB-Cl-amidine (Table 1). Detailed network 
analyses by IPA in CFs treated with TGF-β1 and BB-Cl-amidine are 
shown in Supplemental Fig. 4. In addition, using IPA, we identified 
upstream regulators in CFs related to TGF-β1 stimulation and BB-Cl- 
amidine treatment (Table 2). Based on the network analysis, nuclear 
factor erythroid 2-related Factor 2 (NFE2L2 or Nrf2), which has been 
described as a master transcription factor responsible for the activation 
of antioxidant genes in response to oxidative stress, was identified as an 
upstream regulator in CFs upon BB-Cl-amidine administration (Table 2). 

3.3. BB-Cl administration upregulates expression of heme oxygenase-1 
(HO-1) 

Our proteomic analysis identified upregulated expression of heme 
oxygenase-1 (HO-1) in CFs activated to myoFbs in the presence of BB-Cl- 

Fig. 2. Proteomics results and functional network analysis of CFs stimulated with TGF-β1 in the presence of the pan-PAD inhibitor BB-Cl-amidine. BB-Cl admin
istration downregulated pathways related to cholesterol biosynthesis and VEGF signaling. Volcano plot of differentially expressed proteins showing the log2 ratio of 
protein expression versus -log10 p value. A) BB-Cl-treated CFs compared to control, B) TGF-β1-stimulated CFs compared to control and C) TGF-β1-stimulated CFs 
treated with BB-Cl compared to TGF- β1-stimulated cells. The most upregulated and downregulated proteins are shown. D) Enriched functional network in TGF-β1- 
stimulated CFs treated with BB-Cl compared to TGF-β1-stimulated cells, as generated by PINE. Activated pathways are shown as orange central nodes, and inhibited 
pathways are shown as blue central nodes along with red (upregulated) or blue (downregulated) protein nodes. q-value < 0.05; n = 6–7. 
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amidine (FC = 4.22 in comparison to the TGF-β1 group) but not heme 
oxygenase-2 (HO-2) (Supplemental Table 1; Fig. 3F and G). We also 
confirmed upregulated expression of HO-1 in the BB-Cl group as well as 
the TGF-β1 + BB-Cl group using RT–qPCR (FC = 7.89 ± 0.78 in BB-Cl 
group vs. 1.06 ± 0.15 in control, p < 0.0001; FC = 4.76 ± 1.00 in TGF- 
β1 + BB-Cl group vs. FC = 0.79 ± 0.13 in TGF-β1 group, p < 0.0001) 
(Fig. 3E). Western blot experiments validated the results of upregulated 
HO-1 expression in CFs upon BB-Cl treatment (3.29 ± 0.24 in the BB-Cl 
group vs. 0.96 ± 0.15 in the control, p < 0.001; 3.18 ± 0.55 in the TGF- 
β1 + BB-Cl group vs. 0.91 ± 0.08 in the TGF-β1 group, p < 0.001) 
(Fig. 3A and B; Supplemental Fig. 5). The effect of upregulated expres
sion of HO-1 was associated with the downregulated expression of the 
fibrosis marker COL1A1 in TGF-β1-stimulated CFs upon treatment with 
BB-Cl-amidine (FC = − 1.32 in comparison to the TGF-β1 group) (Sup
plemental Table 1; Fig. 3H). A similar trend of downregulated COL1A1 
protein expression after BB-Cl administration was confirmed by Western 
blotting (Fig. 3A and C) in CFs and CFs activated to myoFbs. Moreover, 
we found that the 35 kDa COL1A1 C-terminal propeptide was upregu
lated upon BB-Cl treatment in CFs and TGF-β1-stimulated CFs (0.15 
± 0.02 in BB-Cl group vs. 0.05 ± 0.02 in control, p < 0.01; 0.15 ± 0.02 
in TGF-β1 + BB-Cl group vs. 0.06 ± 0.02 in TGF-β1 group, p < 0.01) 
(Fig. 3A and D; Supplemental Fig. 5). This may indicate that treatment 
with BB-Cl increased COL1A1 degradation in CFs and myoFbs. Impor
tantly, other cytoprotective proteins, including sulfotransferase 1A1 
(SULT1A1), superoxide dismutase [Mn], mitochondrial (SOD2) and 
glutamate-cysteine ligase (GCLC) (FC = 4.81, FC = 1.54 and FC =1.31, 
respectively), were upregulated in BB-Cl-treated cells (Supplemental 
Table 1). All these proteins have been reported to be regulated by the 
transcription factor Nrf2. 

3.4. The protein citrullination landscape of human cardiac fibroblasts 
consists of many structural proteins 

Next, we sought to identify the citrullinated targets of PADs in 
human CFs. Using MS analysis based on a hypercitrullinated library, we 
quantified 86 citrullinated sites, 85 citrullinated peptides and 68 cit
rullinated proteins in CFs (Supplemental Table 2). In our study, quan
tified citrullinated proteins were engaged, among others, in neutrophil 
degranulation, focal adhesion, DNA processing, translation elongation, 
proteasomal degradation, cellular response to stress, IL-4 and IL-13 
signaling, protein processing in the endoplasmic reticulum and VEGF 
signaling (Fig. 4). Notably, we identified many citrullinated structural 
proteins, such as myosin-10, myosin-9, microtubule-associated protein 
4, filamin-A, filamin-C, fibronectin (FN1), tubulin alpha-1 C chain, and 
integrin beta-1 (Supplemental Table 2). The expression levels of some 
citrullinated peptides, including FN1 and transgelin (TAGLN), were 
significantly altered between biological conditions (Fig. 5). Citrullina
tion of FN1 on arginine 1054 (R1054) was significantly upregulated in 
cells treated only with BB-Cl and cells pretreated with BB-Cl followed by 
TGF-β1 treatment (FC = 1.27 in the BB-Cl group and FC = 1.29 in the 
TGF-β1 + BB-Cl group in comparison to the control, q < 0.05) (Fig. 5A), 
which suggests that BB-CL amidine did not inhibit the activity of the 
PAD responsible for FN1citrullination. Interestingly, citrullination of 
TAGLN on arginine 12 (R12) was upregulated in TGF-β1-stimulated CFs 
(FC = 2.22 in the TGF-β1 group compared to the control group, q = 0.08) 
(Fig. 5B). In turn, citrullinated TLN1 on arginine 741 (R741) was not 
found in control CFs (Fig. 5C). 

4. Discussion 

Cardiac fibroblasts are the primary cell type responsible for fibrillar 

Table 1 
Top five canonical pathways identified by IPA in CFs treated with TGF-β1 and 
BB-Cl-amidine (n = 6–7).  

Top Canonical Pathways p value Overlap 

BB-Cl-amidine vs. control 
1 Integrin Signaling 1.05E- 

26 
31.0% 

2 BAG2 Signaling Pathway 8.12E- 
25 

47.6% 

3 Protein Ubiquitination Pathway 4.65E- 
24 

26.2% 

4 FAT10 Signaling Pathway 2.38E- 
23 

57.1% 

5 Inhibition of ARE-Mediated mRNA Degradation 
Pathway 

2.04E- 
21 

31.7% 

TGF-β1 vs. control 
1 EIF2 Signaling 8.34E- 

53 
43.9% 

2 Regulation of eIF4 and p70S6K Signaling 2.32E- 
32 

38.2% 

3 Protein Ubiquitination Pathway 1.20E- 
22 

26.2% 

4 mTOR Signaling 8.90E- 
22 

28.9% 

5 Actin Cytoskeleton Signaling 1.52E- 
19 

25.7% 

TGF-β1 þ BB-Cl-amidine vs. TGF-β1 
1 Protein Ubiquitination Pathway 1.99E- 

18 
22.5% 

2 Integrin Signaling 6.29E- 
18 

24.9% 

3 NRF2-mediated Oxidative Stress Response 7.59E- 
18 

23.7% 

4 Actin Cytoskeleton Signaling 2.06E- 
16 

22.4% 

5 Caveolar-mediated Endocytosis Signaling 4.92E- 
14 

36.0%  

Table 2 
Top five upstream regulators identified by IPA in CFs treated with TGF-β1 and 
BB-Cl-amidine (n = 6–7).  

Top 
Upstream 
Regulators 

Name p value Predicted 
Activation 

BB-Cl-amidine vs. control 
1 TP53 Tumor protein p53 3.22E- 

54 
Activated 

2 MYC Myc proto-oncogene protein 2.32E- 
41 

Activated 

3 MAPT Microtubule associated protein tau 1.85E- 
31 

Activated 

4 NFE2L2 Nuclear factor erythroid 2-related 
Factor 2 

8.15E- 
30 

Activated 

5 XBP1 X-box-binding protein 1 2.37E- 
24 

Activated 

TGF-β1 vs. control 
1 LARP1 La-related protein 1 5.17E- 

50 
Inhibited 

2 MYC Myc proto-oncogene protein 2.88E- 
48 

Activated 

3 LH Luteinizing hormone 5.82E- 
45 

Activated 

4 TP53 Tumor protein p53 3.60E- 
40 

Activated 

5 MLXIPL Carbohydrate-responsive element- 
binding protein 

4.25E- 
33 

Activated 

TGF-β1 þ BB-Cl-amidine vs. TGF-β1 
1 TP53 Tumor protein p53 3.65E- 

49 
Activated 

2 CLPP ATP-dependent Clp protease 
proteolytic subunit, mitochondrial 

7.13E- 
35 

Inhibited 

3 MYC Myc proto-oncogene protein 2.58E- 
34 

Activated 

4 NFE2L2 Nuclear factor erythroid 2-related 
Factor 2 

2.58E- 
23 

Activated 

5 MMP12 Macrophage metalloelastase 2.69E- 
23 

Activated  
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collagen production and increased deposition in the myocardium under 
pathological conditions. As treatments are limited and regressing car
diac fibrosis represents a critical unmet need, an improved character
ization of fibroblast phenotype changes is needed. In the present study, 
we demonstrated for the first time that 1) human CFs expressed PAD 

(PAD1 >PAD2 >PAD4, based on mRNA data), 2) 68 proteins were cit
rullinated across study groups, and 3) the pan-PAD inhibitor BB-Cl- 
amidine activated the Nrf2/HO-1 signaling pathway in CFs. 

Our results indicated that CFs expressed PAD1, PAD2 and PAD4 
transcripts, and PAD1 followed by PAD2 were the most abundant 

Fig. 3. BB-Cl administration led to the upregulation of heme oxygenase 1 (HO-1) in CFs and CFs differentiated into myoFbs. Western blot of COL1A1, COL1A1 C- 
terminal propeptide and HO-1 in CFs stimulated with TGF-β1 in the presence of BB-Cl A). Quantitative analysis of Western blots for HO-1 B), COL1A1 C) and COL1A1 
C-terminal propeptide D) expression in CFs treated with TGF-β1 and BB-Cl. HO-1 mRNA expression in CFs treated with TGF-β1 and BB-Cl E). Protein quantities of HO- 
1 F), HO-2 G) and COL1A1 H) in CFs treated with TGF-β1 and BB-Cl as determined by proteomics. Mean ± SEM; *p < 0.05, **p < 0.01, ****p < 0.0001 compared to 
control; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001compared to TGF-β1; n = 4 or 6–7. 

Fig. 4. Citrullination landscape of CFs differentiated into myoFbs. The identified and quantified citrullinated proteins were engaged in signaling by interleukins, 
neutrophil degranulation, focal adhesion, DNA processing and translation, proteasomal degradation, cellular response to stress, protein processing in the endoplasmic 
reticulum and VEGF signaling, among others. 
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isoforms, which is in line with data from mouse cardiomyocytes and 
mouse cardiac fibroblasts [31]. Importantly, we found that PAD1 was 
upregulated in TGF-β1-stimulated CFs, and BB-Cl administration led to 
the downregulation of PAD1 expression. Notably, BB-Cl-amidine 
inhibited TGF-β1 fibroblast activation, which was shown by the down
regulation of PAD1 and PAD2 as well as the myofibroblast marker 
COL1A1. 

Downregulation of COL1A1 upon BB-Cl-amidine administration was 
probably due to its degradation, as we observed upregulated COL1A1C- 
terminal propeptide in CFs and myoFbs treated with BB-Cl-amidine. 
Thus, BB-Cl treatment could lead to COL1A1 degradation and may 
have an impact on CF transdifferentiation to myoFbs. 

In contrast, the mRNA expression levels of PAD4 did not increase 
after TGF-β1 stimulation for 24 h, but BB-Cl-amidine treatment upre
gulated its expression in TGF-β1-stimulated CFs. This finding could be an 
example of a compensatory mechanism by which CFs regulate PAD 
expression in response to BB-Cl-amidine treatment. Our results sug
gested that PAD1 and, to a lesser extent, PAD2 may influence/direct 
human CF transdifferentiation into myoFbs. Unfortunately, the low 
abundance of PADs and their untested stability in cell lysates may affect 
the proper interpretation of the data. Importantly, Akboua et al. pointed 
to the key role of PAD4 in the profibrotic phenotypes of murine cardiac 
fibroblasts. They showed that PAD4 was involved in the regulation of 
noncanonical TGF-β signaling, but knockout of PAD4 in CFs did not 
change fibrotic markers, except for collagen III [32]. In this paper, 
however, the authors used murine CFs, focused only on the role of PAD4, 
and did not assess expression levels of other PAD isoforms in murine CFs. 
Nevertheless, it is possible that PADs play an important role in the dif
ferentiation of CFs into myoFbs. 

Notably, our proteomic analysis indicated upregulated expression of 
HO-1 in CFs differentiated into myoFbs. Importantly, BB-Cl adminis
tration led to an upregulation in HO-1 expression, which was confirmed 
by RT–qPCR and Western blot techniques. Furthermore, pathway 
analysis performed by IPA identified an enriched Nrf2-mediated 
oxidative stress response pathway and an activated Nrf2 transcription 
factor as an upstream regulator in myoFbs upon BB-Cl administration. 
Under normal conditions, Nrf2 remains sequestered in the cytoplasm by 
Keap1 (Kelch-like ECH-associated protein-1). However, when cells 
experience oxidative stress, Nrf2 is released from Keap-1 and trans
locates to the nucleus. Once in the nucleus, Nrf2 binds to the antioxidant 
response element (ARE) in the promoter regions of various genes, 
including the HO-1 gene. Nrf2 binding to the ARE enhances transcrip
tion of the HO-1 gene. The HO-1 enzyme catalyzes the degradation of 
heme, releasing biliverdin, carbon monoxide (CO) and iron, which act as 
potent antioxidant and anti-inflammatory molecules to induce cyto
protective effects against the damage caused by stress (ROS) and 

inflammation [33,34]. Recently, it has been shown that the Nfr2/HO-1 
signaling pathway regulates cardiovascular homeostasis and can pre
vent cardiac remodeling and HF associated with oxidative stress [35, 
36]. Moreover, several studies have reported the upregulation of the 
Nrf2/HO-1 pathway and the inhibition of cardiac hypertrophy and 
fibrosis [37–40]. Similarly, upregulated HO-1 expression was related to 
the alleviation of oxidative stress and the inflammatory response in 
dermal fibroblasts [41]. However, it has also been shown that perma
nent activation of Nrf2 promotes pathological properties such as ma
lignant cancer progression, chemo/radio resistance, and poor patient 
prognosis [42]. Interestingly, one study indicated the connection be
tween citrullination and the Nrf2 signaling pathway. Citrulline treat
ment in LPS-induced acute lung injury led to the activation of the Nrf2 
signaling pathway [43]. Overall, our results indicated that 
BB-Cl-amidine activated the Nrf2/HO-1 signaling pathway in CFs, which 
might have a protective effect against the transition of CFs to myoFbs. 
This might imply that PADs somehow regulate Nrf2 activity or its 
translocation to the nucleus, thus influencing the expression of HO-1 and 
other Nrf2-regulated genes. In CFs, activation of the Nrf2/HO-1 
signaling pathway is crucial for protecting the cells from oxidative 
damage induced by various stressors, including reactive oxygen species 
(ROS) and inflammatory cytokines. Therefore, the pan-PAD inhibitor 
BB-Cl results in increased HO-1 expression via the Nrf2 pathway and 
may help CFs protect the heart from excessive tissue damage, thereby 
maintaining cardiac tissue integrity and function; however, further 
research is needed. 

Furthermore, our MS data pointed to the downregulation of the 
SREBP pathway upon BB-Cl administration in activated CFs. Interest
ingly, SREBP1can activate profibrotic signaling by inducing TGFβ 
transcriptional activity and/or preventing exosomal degradation of the 
TGFβ receptor [44]. Thus, downregulation of the SREBP pathway might 
affect the activation of CFs to myoFbs upon BB-Cl treatment. Moreover, 
proteomic analyses revealed favorable changes in several proteins in 
response to BB-Cl-amidine administration in CFs activated to myoFbs. In 
particular, the expression of CSE was upregulated, whereas the expres
sion of SULF1, Act A and RBM24 was downregulated in BB-Cl-treated, 
TGF-β1-stimulated CFs. CSE is one of the three enzymes that partici
pates in the production of the endogenous gasotransmitter hydrogen 
sulfide (H2S) in the cell. Importantly, it has been shown that exogenous 
H2S treatment attenuates cardiac fibrosis through reactive oxygen spe
cies [45,46] and/or JAK/STAT signaling pathways [47]. Interestingly, 
administration of an exogenous H2S donor prevented myocardial 
fibrosis by upregulating HO-1 and CSE expression [45]. Thus, upregu
lated expression of CSE upon BB-Cl administration may have beneficial 
effects in the treatment of cardiac fibrosis. 

Moreover, we found downregulated expression of SULF1, Act A and 

Fig. 5. Differentially enriched citrullinated peptides in CFs treated with TGF-β1 and BB-Cl. Normalized citrullinated peptide quantities of YPLR1054NLQPA
SEYTVSLVAIK (FN1) A), GPSYGMSR12EVQSK (TAGLN) B), and VVAPTISSPVCQEQLVEAGR741LVAK (TLN1) C) in CFs stimulated with TGF-β1 in the presence of BB- 
Cl. *q<0.05 compared to control, #q<0.05 compared to TGF-β1; n = 6–7. 
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RBM24 in myoFbs treated with BB-Cl-amidine. Importantly, upregu
lated expression of these proteins was associated with the induction of 
cardiac fibrosis. SULF1 is a protein that is highly enriched in human and 
mouse myoFbs; its overexpression promotes myofibroblast activation, 
whereas its silencing attenuates myofibroblast activation and collagen 
deposition in vitro [48]. Act A is a potent activator of fibroblasts, be
longs to the transforming growth factor-β superfamily and is involved in 
fibrosis and the inflammatory response [49]. Increased levels of Act A 
were reported to be associated with myocardial infarction, and its 
downregulated expression was related to the attenuation of cardiac 
fibrosis [50]. Notably, Act A upregulated COL1A1 mRNA expression in 
cultured cardiomyocytes and a rat model of HF [51]. Thus, the down
regulated COL1A1 expression observed in our study in response to BB-Cl 
treatment in TGF-β1-stimulated CFs might be related to the down
regulated expression of Act A; however, this notion requires further 
investigation. Moreover, RBM24 is a key splicing factor in the devel
oping heart. Its overexpression has been shown to induce cardiac fibrosis 
by upregulating the expression of TGFβ signaling genes [52]. Whether 
downregulated expression of SULF1, Act A and RBM24 in BB-Cl-treated, 
TGF-β1-stimulated CFs is one of the favorable mechanisms of BB-Cl 
administration in cardiac fibrosis requires further study. 

Importantly, we identified 86 citrullinated sites on 85 citrullinated 
peptides corresponding to 68 citrullinated proteins in CFs using a 
hypercitrullinated library approach combined with DIA-based LC–MS/ 
MS. The quantified citrullinated proteins were involved in neutrophil 
degranulation, focal adhesion, DNA processing, translation elongation, 
proteasomal degradation, cellular response to stress, IL-4 and IL-13 
signaling, protein processing in the endoplasmic reticulum and VEGF 
signaling. Moreover, we detected several citrullinated sites on structural 
proteins, such as myosin-10, myosin-9, microtubule-associated protein 
4, filamin-A, filamin-C, FN1, tubulin alpha-1 C chain, and integrin beta- 
1 (Fig. 4). It has been reported that the citrullination of structural pro
teins has functional consequences on cell physiology. For example, cit
rullination of vimentin was shown to mediate the development and 
progression of lung fibrosis [53], whereas citrullination of collagen II 
was shown to affect integrin-mediated cell adhesion [54]. Moreover, 
citrullinated glial fibrillary acidic protein (GFAP) was implicated in the 
pathogenesis of hepatic fibrosis [55]. 

In our study, the expression level of citrullinated FN1 on arginine 
1054 was increased in CFs and myoFbs treated with BB-Cl-amidine. This 
result might reflect the compensatory mechanism mediated by PAD4 
upon pharmacological inhibition of PADs; however, further studies are 
necessary to validate this hypothesis. FN1 is a glycoprotein of the 
extracellular matrix that binds to integrins, collagen and fibrin, among 
others, and is primarily produced by CFs in the heart. FN1 polymeri
zation promotes cell adhesion, growth, migration, and contractility and 
regulates the assembly of ECM proteins, such as collagen types I and III. 
FN1 levels are increased in ischemic cardiomyopathy and animal models 
of HF [56]. Moreover, FN1 is involved in the development of lung and 
liver fibrosis [57,58]. Inhibition of FN1 polymerization was shown to 
ameliorate adverse cardiac remodeling and fibrosis [59]. Interestingly, 
it has been reported that citrullinated FN1 plays a role in the patho
genesis of rheumatoid arthritis, where it alters the function of synovial 
fibroblasts [60]. It has been shown that citrullination of FN1 at R234 
prevents integrin binding, thus potentially affecting extracellular matrix 
reassembly during joint inflammation [61]. Citrullination of FN1 was 
also found to alter integrin clustering and focal adhesion stability in fi
broblasts [62]. In addition, citrullinated FN1 was shown to inhibit 
apoptosis and promote the secretion of proinflammatory cytokines in 
fibroblast-like synoviocytes [63]. However, the role of citrullinated FN1 
in the pathogenesis of cardiac fibrosis has not been investigated and 
requires further study. 

Furthermore, we found that citrullinated TAGLN on arginine 12 was 
upregulated in CFs differentiated into myoFbs by TGF-β1 stimulation. 
TAGLN, also named SM22α, is an actin-binding protein abundant in 
contractile vascular smooth muscle that plays an important role in the 

polymerization of sarcomeric actin filaments. It has been shown to be 
downregulated in atherosclerosis, abdominal aortic aneurysms and hy
potension, and mice deficient in SM22α are prone to develop vascular 
diseases [64]. Interestingly, SM22α deletion has been reported to disrupt 
the architecture and function of caveolae and T-tubules in car
diomyocytes, contributing to HF [65]. Our results also indicated the lack 
of citrullinated TLN1 on arginine 741 in control CFs in comparison to 
BB-Cl- or TGF-β1-stimulated CFs. TLN1 is a cytoskeletal protein that 
links integrins to the actin cytoskeleton, thus mediating cell–cell 
adhesion. In the myocardium, it is a pivotal regulator of force trans
mission and transduction [66]. Loss of TLN1 and TLN2 in CFs has been 
reported to result in augmented ventricular cardiomyocyte hypertrophy 
in response to pressure overload [67]. In turn, the knockout of both 
TLN1 and TLN2 in cardiomyocytes led to cardiac dysfunction and HF 
[68]. However, the function of citrullinated TAGLN and TLN1 in CFs 
remains to be defined. 

Our study has some limitations. We investigated the influence of a 
pan-PAD inhibitor, BB-Cl-amidine, on CF differentiation into myoFbs at 
the early stages of this process. However, we did not observe the pre
vention of CF transdifferentiation to myoFbs by the pan-PAD inhibitor 
BB-Cl-amidine; thus, it would be interesting to perform similar experi
ments including advanced stages of CF transdifferentiation to myoFbs. 
Furthermore, we cultured the CFs on gelatin-coated dishes that enable 
humanized culture conditions, which cannot be directly compared to 
studies on regular tissue culture plastic plates. Studies on regular tissue 
culture plates have shown enhanced endogenous TGF-β release from the 
extracellular matrix, which primes the TGF-β pathway to promote 
fibroblast differentiation [69–71]. Finally, we used commercially 
available CFs that were isolated from normal human fetal hearts. It is 
worth noting that CFs isolated from the hearts of older and diseased 
donors could exhibit different patterns of PAD expression. 

Overall, our results indicated the activation of the Nrf2/HO-1 
signaling pathway in CFs upon BB-Cl administration (Fig. 6). Howev
er, the functional roles of PADs and the identified novel citrullinated 
sites in CFs and their involvement in the regulation of cardiac fibrosis 
require further study. 

5. Conclusions 

Our findings demonstrate that PAD1 expression was upregulated 
during CF transdifferentiation into myoFbs and that the pan-PAD in
hibitor BB-Cl-amidine downregulated both PAD1 and PAD2 expression 
in both CFs and myoFbs. This effect was related to the upregulation of 
HO-1 expression and the downregulation of the fibrosis marker COL1A1 
due to its degradation. Moreover, MS analyses indicated that the Nrf2/ 
HO-1 signaling pathway was activated in CFs upon BB-Cl administra
tion. These results suggested that inhibiting PAD in CFs could be a novel 
therapeutic strategy in the treatment of cardiac fibrosis. Importantly, we 
identified 86 citrullination sites in CFs, and the majority of the citrulli
nated proteins belonged to signaling pathways mediating focal adhe
sion, inflammation, and DNA processing, the key cellular mediators of 
fibrosis. We hope that knowledge concerning the changes in citrulli
nated proteins during the fibrotic process can provide new insights for 
subsequent in-depth fibrosis research and facilitate the advancement of 
therapeutic targets that regulate myoFb activation, extracellular matrix 
cross-linking, metabolism, and inflammation in fibrosis. 
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