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� Bioinformatic analysis was performed
to screen the key gene of PH-LHD.

� FABP5 was identified as a potential
target for PH-LHD treatment.

� Inhibition of FABP5 improved cardiac
function and mitigated pulmonary
fibrosis in PH-LHD.

� FABP5 upregulated TGF-b1-mediated
expression of pro-fibrotic proteins in
PAFs.

� FABP5 regulated PAF activation partly
via activating wnt/b-catenin
pathway.
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Introduction: Pulmonary hypertension secondary to left heart disease (PH-LHD) is a common and fatal
disease. However, no effective therapeutic targets have been identified.
Objectives: Here, we set out to illustrate the functional role and underlying mechanisms of fatty acid-
binding protein 5 (FABP5) in PH-LHD development.
Methods: We performed a systematic analysis of datasets GSE84704 and GSE16624 to identify differen-
tially expressed genes and then constructed protein-protein interaction network for significant modules.
Potential target genes in the modules were validated by RT-qPCR and western blot in a PH-LHD mouse
model. PH-LHD or sham mice were treated with FABP5 antagonist SBFI-26 or DMSO for 28 days. The role
of FABP5 on cardiac function was determined by echocardiography, its impact on pulmonary vascular
remodelling were evaluated with right heart catheter, histological analysis and western blot. In vitro, pri-
mary pulmonary adventitial fibroblasts were used to investigate the pro-fibrotic mechanisms involving
in FABP5.
Results: FABP5 was the only one dramatically upregulated along with increased protein expression in the
established PH-LHD mouse model. Inhibition of FABP5 by SBFI-26 injection abrogated pulmonary artery
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remodelling in PH-LHD and improved cardiac function. In vitro, SBFI-26 or FABP5 siRNA blunted the TGF-
b1-induced fibrotic response in cultured pulmonary adventitial fibroblasts. Mechanistically, FABP5
knockdown inhibited GSK3b phosphorylation and increased b-catenin phosphorylation. The wnt/b-
catenin agonist SKL2001 diminished the antifibrotic effect of FABP5 knockdown on pulmonary adventitial
fibroblasts under TGF-b1 stimulation.
Conclusion: FABP5 is an important mediator of pulmonary artery remodelling and a potential therapeutic
target for PH-LHD.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Pulmonary hypertension (PH) is a malignant pulmonary vascu-
lopathy characterized by elevated pulmonary arterial pressure [1].
The persistently increased pulmonary artery pressure can ulti-
mately lead to right heart dysfunction and subsequently death.
Pulmonary hypertension secondary to left heart disease (PH-
LHD), which was classified as group 2 PH by the World Health
Organization, is the most common form of PH [2]. PH-LHD mainly
occurs as a consequence of left heart failure, valvular heart disease
(VHD), and left ventricular inflow or outflow obstruction [3]. Once
PH-LHD has arisen, it not only worsens symptoms and exercise tol-
erance of heart disease, but also significantly increased morbidity
and mortality [4]. However, due to insufficient understanding of
pathological targets, the efficacy of anti-PH-LHD therapy is disap-
pointing [5].

Fatty acid-binding protein 5 (FABP5), also termed epidermal
fatty acid-binding protein (EFABP) or psoriasis-associated fatty
acid-binding protein (PA-FABP), functions as a transporter of
long-chain fatty acids (such as cannabinoid and retinoic acid)
and some other ligands to assist intracellular localization, involv-
ing in fatty acid metabolism, inflammation, cell differentiation
and proliferation [6]. FABP5 is widely expressed in many organs,
such as epidermis, brain, lung, etc [7]. It has been reported that
FABP5 plays vital roles in various diseases, such as type 2 diabetes
and atherosclerosis [8,9]. FABP5 is also involved in the develop-
ment of chronic obstructive pulmonary disease (COPD) and several
types of cancers [10,11]. However, the role of FABP5 in the devel-
opment of PH-LHD remains unclear.

Vascular remodeling in PH-LHD is characterized by pulmonary
vascular adventitial thickening and stiffness. A pivotal change in
the pulmonary vascular adventitia is the highly activated pul-
monary adventitial fibroblasts (PAFs), which is featured by expres-
sion of a-smooth muscle actin (a-SMA) and secretion of a series of
extracellular matrix such as fibronectin and collagen I, mainly
stimulated by TGF-b1 [12,13]. It has been reported that FABP5
could activate human fibroblast WS1 cells via TGF-b1/SMAD2
pathway [14]. We assume that FABP5 may play a role in triggering
PH-LHD through activating PAFs.

In this study, we performed bioinformatic analysis with two
microarray datasets (GSE84704 and GSE16624) to identify poten-
tial key genes involving in the development of PH-LHD. Then, we
established PH-LHD mouse model by ligating coronary left main
artery (LMA) and validated the selected genes in the lungs using
RT-qPCR and western blot. FABP5 was the only one that was upreg-
ulated in PH-LHD mice compared with sham mice. Next, we inves-
tigated the role of FABP5 in PH-LHDmice and found that, inhibition
of FABP5 significantly improved cardiac function and attenuated
pulmonary vascular remodeling and pulmonary artery fibrosis.
Furthermore, we investigated the role of FABP5 in primary PAFs
and found that both inhibition and knockdown of FABP5 could
block PAFs activation. Mechanistic study suggested that the activa-
tion of wnt/b-catenin pathway contributes significantly to PAFs
activation.
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Materials and methods

Acquisition of microarray data

Two microarray datasets (GSE84704 and GSE16624) detailing
the gene expression profiles of left heart disease-associated pul-
monary hypertension were obtained from Gene Expression Omni-
bus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). Both
GSE84704 and GSE16624 were performed on [Rat230_2] Affyme-
trix Rat Genome 230 2.0 Array (GPL1355 platform).

Data processing

A data meta-analysis was performed, including six lung samples
from PH-LHD and six normal lung samples. The raw microarray
data was subjected to background correction, quantile normaliza-
tion, probe summarization, and base 2 logarithm conversions.
Batch effect was removed by using the Affy package in R [15]. After
obtaining the gene expression matrix, an unpaired t-test in the
limma package (http://www.bioconductor.org/packages/release/
bioc/html/limma.html) was applied to screen out differentially
expressed genes (DEGs) [16]. DEGs were identified using a cut-
off value of adj P-value < 0.05 and |logFC| > 1. Furthermore, hierar-
chical clustering analysis of DEGs was performed using pheatmap
package in R (https://cran.r-project.org/web/packages/pheatmap/
index.html).

Protein-protein interaction (PPI) network construction and modules
selection

First, the probe ID for every DEG was converted to a gene sym-
bol using a Perl script. If there were multiple probes for a particular
gene, these were reduced. Then, the remaining DEGs were
uploaded to the Search Tool for the Retrieval of Interacting Genes
(STRING, https://string-db.org/) to construct PPI network [17].
The significant interactions were identified through extracting
PPI pairs with combined score > 0.4 and visualized based on Cytos-
cape (http://www.cytoscape.org/) [18]. MCODE, a plugin to Cytos-
cape [19], was performed to detect modules of PPI network with
the following cutoff threshold: degree cutoff = 2, k-core = 2, node
score cutoff = 0.2 and maximum depth = 10012.

Mouse PH-LHD model

The PH-LHD model was induced in mice by ligation of left main
artery (LMA). In brief, the mice were anesthetized with sodium
pentobarbital (60 mg/kg; Merck, China) intraperitoneally and
mechanically ventilated with the HX-101E small animal ventilator
(Thaimeng Software, Chengdu, China). After exposure of the heart
through a left thoracotomy at the 3rd–4th intercostal space,
myocardial infarction (MI) was induced by ligating LMA using a
7-0 polyester suture. Successful coronary occlusion was confirmed
by appearance of a pale area below the suture knot and ST segment
elevation in the surface electrocardiogram (ECG) monitoring. Sham
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animals underwent the same procedures except that the polyester
suture was placed around the LMA without being tied.

Experimental design

Adult C57 mice (8–12 weeks old with weight of 18–25 g) were
used to perform animal experiments. All animal studies were con-
ducted in accordance with the Animal Care and Use Committee
Guide of Wuhan University, which conforms to the Guide for the
Care and Use of Laboratory Animals of the National Institutes of
Health (NIH publication no. 85–23, revised 1996). Three separate
experiments were performed:

Protocol 1

To identify potential target of PH-LHD, we first detected the
expression of genes in the modules screened by bioinformatics.
Mice were then randomly assigned to the sham or PH-LHD group.
28 days after operation, the establishment of PH-LHD model was
validated by echocardiography and hemodynamic catheterization.
After that, mice were euthanized with pentobarbital sodium (ip.,
50 mg/kg). The chest was opened to exposure heart and lung.
PBS at 4 �C was slowly injected from right ventricle until the pul-
monary lobe became white. The lung and heart were quickly sep-
arated for histological and further analysis. The right ventricle and
the left ventricle with septum were weighted individually to calcu-
late the right ventricle hypertrophy index (RVHI). RVHI = the right
ventricle weight/(left ventricle + septum weight). The expressions
of potential critical genes of the modules in lung tissue were vali-
dated using RT-qPCR (n = 6 mice per group) and Western blot
(n = 6 mice per group).

Protocol 2

To determine the effect of FABP5 on cardiac function and pul-
monary vascular remodelling in PH-LHD, 46 surviving mice were
divided into four groups: sham + DMSO (n = 6), sham + SBFI-26
(n = 6), PH-LHD + DMSO(n = 18) and PH-LHD + SBFI-26 (n = 16,
SBFI-26 was used to inhibit FABP5). 100 mg SBFI-26 was dissolved
in 1 ml DMSO and diluted 100 times with saline before use.
SBFI-26 at a concentration of 2 mg/kg/d (i.p) [20] was given for
28 days from post-operation day 1. Saline with 1% DMSO was used
as control. On day 28 after injection, the influence of FABP5 on left
cardiac function was determined by ultrasound. Hemodynamic
parameters were measured using a right heart catheter. The
impacts of FABP5 on cardiac infarct size and pulmonary vascular
fibrosis were assessed by histological analysis (n = 6 mice per
group).

Protocol 3

For in vitro study, pulmonary adventitial fibroblasts (PAFs) were
isolated from male C57BL/6 mice (n = 5). The procedures for cell
isolation and culture are detailed in cell culture section. Cells were
collected and fibroblast phenotype was confirmed by immunoflu-
orescence. PAFs with/without FABP5 knockdown were incubated
in serum-free Dulbecco’s modified Eagle medium (DMEM)medium
for 24 h, and subsequently stimulated with 10 ng/ml TGF-b1 in the
absence of serum for another 24 h. To inhibit FABP5 activity,
100 lM of SBFI-26 (HY-117506B; MedChemExpress) was added
at the beginning of TGF-b1 stimulation for 24 h. Similarly, the
wnt/b-catenin pathway agonist SKL2001 (HY-101085, MedChem-
Express), at a final concentration of 20 lM, was added at the begin-
ning of TGF-b1 stimulation for 24 h. The expression of Col I, a-SMA
and proteins involved in wnt/b-catenin pathway were detected
using Western blot.
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Echocardiography

Echocardiography was performed on 28 days after operation
(n = 3–5 per group) using a VINNO 6VET High Resolution Ultra-
sonic Imaging System (VINNO, China). Left ventricular ejection
fraction (EF) and fractional shortening (FS) were measured from
at least three consecutive cardiac cycles and then averaged. Image
analyses were then conducted by an observer blinded to the treat-
ment of mice.

Cardiac hemodynamic

The mice were anesthetized with pentobarbital (50 mg/kg, Mer-
ck, China). The catheter (BD Biosciences, Franklin Lakes, NJ), filling
with 12500U/L heparin sodium saline, was inserted into the right
external jugular vein and then reach the right ventricle. All analy-
ses were performed using the BL-420F information data acquisi-
tion and processing system. Right ventricle systolic pressure
(RVSP) was calculated.

Total RNA isolation and RT-qPCR

Total RNA from lung tissues was extracted using TransZol Up
Plus RNA Kit (transgene, ER501-01, China) following the manufac-
turer’s instructions. 1 lg of total RNA was used to reverse tran-
scribe to cDNA with the HiScript II Q RT SuperMix (Vazyme,
R223-01, China). qRT-PCR analysis was carried out using the SYBR
qPCR Master Mix (Vazyme, Q221-01, China) to detect the expres-
sion levels of target genes. All target genes were normalized to
GAPDH (forward primer: ATGACATCAAGAAGGTGGTGAAG, reverse
primer: CCTGTTGCTGTAGCCGTATTC). Data were collected and
analysed using Bio-Rad CFX3.1 software (Bio-Rad, Maastricht,
The Netherlands).

Western blot

Proteins were extracted using RIPA buffer (Beyotime, China)
containing protease inhibitor (Complete Mini EDTA-free�, Roche)
and phosphatase inhibitor (PhosSTOP, Roche) for western blot.
The samples were then centrifuged at 12,000 rpm at 4 �C for10
min, and the supernatant was collected. The supernatant protein
content was quantified using the BCA method (Beyotime, China).
Equal amounts of protein were separated on SDS–polyacrylamide
gels (10%) and electro-transferred to NC membranes. After being
blocked by skim milk, the membranes were incubated with pri-
mary antibodies against FABP5 (1:1000, Proteintech, 12348-1-
AP), IGF1 (1:500, Abconal, A11985), Col1 (1:500, Abcam,
ab138492), a-SMA (1:1000, Ptoteintech, 14395-1-AP), GSK3b
(1:2000, Proteintech, 22104-1-AP), p-GSK3b-Ser9 (1:1000, Protein-
tech, 67558-1-Ig), b-catenin (1:2000, Proteintech, 51067-2-AP), p-
b-catenin-S33/S37/T41 (1:500, Abconal, AP0524) and a-Tubulin
(1:1000, Proteintech, 11224-1-AP) at 4 �C overnight. The mem-
branes were washed using TBS containing Tween-20, and then
incubated with the respective HRP-conjugated secondary antibody
(1:5000, Boster, BA1054/BA1050) for 1 h at room temperature. Blot
reactions were developed using chemiluminescence solution and
visualized with a ChemiDoc Touch Imaging System (Bio-Rad,
USA). Specific bands were quantified under Image J software
(National Institutes of Health, USA).

Histological analyses

28 days after operation, the heart and lung tissues were col-
lected and washed with PBS at 4 �C. Samples were then fixed with
4% paraformaldehyde and undergone dehydration and paraffin
embedding. Tissue slices (4 lm) were stained with hematoxylin
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and eosin (HE) for structural evaluation and with Masson’s tri-
chrome staining for the assessment of pulmonary artery fibrosis.
The slice images were captured using an Aperio VERSA System
(Leica Biosystems, Germany) and analysis was carried out using
the Image J software (National Institutes of Health, USA).

1) The ratio of infarcted area to the whole left ventricle was cal-
culated to assess infarct size.

2) Pulmonary vascular remodelling was assessed by the
percent of medial wall thickness (MT%) and percent
of medial wall area (MA%) [21]. Pulmonary arteries with
external diameter from 20 to 50 lm were measured to
calculate MT% and MA% (ten vessels for each mouse).
MT% = 100�(medial wall thickness)/(vessel semi-diameter),
MA% = 100�(cross-sectional medial wall area)/(total cross-
sectional vessel area).

3) Collagen deposition in pulmonary arteries was determined
by calculating the percentage of blue-positive area over the
total area of the image. A total of sixty vessels from six mice
were analysed for each group (ten vessels per mouse).

Cell culture

The pulmonary artery was isolated, and the whole section was
cut longitudinally and opened into a flat sheet. The aorta was iso-
lated similarly. Fibroblasts were prepared using the technique
described previously [22] with some modifications. Briefly, muscu-
lar tissue and endothelial cell layers were removed by gentle abra-
sion of the vessel. The remaining tissue was then dissected into 1-
mm3 portions and evenly distributed over the base of a 25-cm2 cul-
ture flask containing 2 ml of DMEM with 20% FBS, supplemented
with 1% penicillin and 1% streptomycin at 37 �C in 95%O2 and 5%
CO2. After 5 days, fibroblasts were passaged and cultured in DMEM
containing with 20% FBS. Afterwards, the isolated cells were
detected by immunofluorescence using antibodies against vimen-
tin. PAFs, which are positive for vimentin, accounted for >95%.
The passage 3rd to 6th were used for the following experiments.

FABP5 siRNA transfection

Knockdown of FABP5 was conducted by transfecting siRNA.
Briefly, before transfection, PAFs were dissociated and resuspended
at a cellular density of 1 � 105/ml. Cell suspensions were trans-
fected with siRNA at a final siRNA concentration of 10 nM specifi-
cally against FABP5 (sense, 50AATGATACAGTCTGGCTTGGCTT30;
antisense, 50GCCAAGCCAGACTGTATCATTTT30) or scrambled siRNA
(sense, 50TCAAGCGTGCTAAGTATGGTCTT30; antisense,
50GACCATACTTAGCACGCTTGATT30) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) for 48 h. The efficiency of transfec-
tion was evaluated by western blot.

Immunofluorescence

The slices seeded with PAFs were fixed in paraformaldehyde for
30 min at room temperature. 0.5%Triton-X was used to penetrate
the cells. To prevent nonspecific background staining, the slices
were blocked by 5% BSA for 1 h. Then slices were incubated with
primary antibody a-SMA (1:100, Proteintech, 14395-1-AP) over-
night at 4 �C, followed by incubation with corresponding secondary
antibody (1:1000, goat-anti-rabbit Alexa Fluor 488-conjugated
antibody, Cell signaling technology) for 1 h at room temperature.
The nuclei were stained with DAPI (1:2000, Sigma-Aldrich, USA)
for 30 min at room temperature. The fluorescence was captured
with a fluorescence microscope (Leica TCS-SP5II, Germany). Three
images of each simple were used for quantification.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism 6
(GraphPad Software Inc, USA). All data were subjected to Sapiro-
Wilk tests for normality. If data follow normal distribution, the
unpaired t-test and ANOVA with Tukey’s test correction were
adopted, otherwise non-parametric test (Mann-Whitney test and
Kruskal-Wallis with Dunn’s test) was preferred. All data were pre-
sented as means ± SD. P < 0.05 was considered statistically
significant.
Results

Bioinformatic screened key genes of PH-LHD

After integrated analysis of the mRNA expression profiles, a
total of 181 DEGs were obtained in lung samples of PH-LHD. In
comparison with normal lung samples, 38 DEGs were downregu-
lated and 143 DEGs were upregulated (Fig. 1A). Hierarchical clus-
tering analysis showed that the identified DEGs were
significantly different in the two groups (Fig. 1B). The probe ID
for every DEG was converted to a gene symbol using a Perl script.
If there were multiple probes for a particular gene, these were
reduced, and the entire group was treated as a single gene. The
remaining 163 DEGs (including 36 down-regulated genes and
127 up-regulated genes) were uploaded to perform PPI analysis.
The PPI network of DEGs consisted of 122 nodes and 494 edges
(Fig. 1C). Five significant modules were obtained from PPI network
of DEGs using MCODE (Fig. 1D-H).

FABP5 was identified as a potential target of PH-LHD

28 days after MI, the left ventricular wall of MI mice became
thinner and dilated (Fig. 2A). Echocardiography revealed signifi-
cant reduction of ejection fraction (EF) and fractional shortening
(FS) (Fig. 2B-D). HE staining of lung tissue showed significantly
increased MT% and MA% of pulmonary artery (Fig. 2E-G), the indi-
cators for pulmonary vascular remodelling. In addition, the RVSP
and right ventricular hypertrophy index (RVHI) were significantly
increased in the MI mice (Fig. 2H-I), an indication of pulmonary
hypertension. These data demonstrated successful establishment
of the PH-LHD mouse model. Then, we examined the expression
of the genes identified by above five modules in lung tissues from
the sham and PH-LHD mice using RT-qPCR. The results showed
that only FABP5 and IGF1 were significantly increased in lung tis-
sue of PH-LHD mice (Fig. 2J). Next, we examined the protein
expression of FABP5 and IGF1 in lung protein samples and found
that FABP5, rather than IGF1, was significantly elevated in PH-
LHD mice (Fig. 2K-N). Therefore, FABP5 was identified as a poten-
tial target for PH-LHD treatment.

FABP5 inhibition improved cardiac function and blunted pulmonary
vascular remodeling

We next suppressed the activity of FABP5 in vivo using SBFI-26.
We found that the infarct area was unaltered with SBFI-26 treat-
ment (Fig. 3A, C). However, SBFI-26 significantly increased EF
and FS as showing in Fig. 3B, D, E. MI-induced heart failure signif-
icantly increased MT% and MA%, whereas SBFI-26 significantly
reduced the heart failure-induced increase of MT% and MA%
(Fig. 3F, G, I). In addition, heart failure significantly increased the
RVSP and RVHI respectively, whereas preventive administration
of SBFI-26 significantly decreased the RVSP and RVHI (Fig. 3J, K).
Masson’s trichrome staining showed that SBFI-26 effectively pre-
vented the development of pulmonary artery fibrosis (Fig. 3H, L).



Fig. 1. Bioinformatic analysis. (A) The volcano plot of DEGs. The blue dots stand for downregulated DEGs, grey dots stand for non-differentially DEGs and red dots stand for
upregulated DEGs. (B) Heatmap of DEGs. The gradual color change from orange to white to blue indicates the changing relative expression of DEGs from upregulation to
downregulation. GSE, GEO series; FC, fold-change; adj.P.Val, adjusted P-value. (C-H) A PPI network of the DEGs that one probe corresponds to one gene (C) and five modules
(D-H). Orange nodes represent up-regulated DEGs, while blue nodes represent down-regulated DEGs. The bigger size of nodes stands for a bigger node degree. The bigger of
size label font indicates a bigger value of logFC. The gradual color of label from blue to red indicates the gradually decreased adj P-value of DEGs.
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Taken together, inhibition of FABP5 improved cardiac function and
attenuated PH-LHD caused pulmonary vascular remodeling and
fibrosis.
FABP5 inhibition or knockdown downregulated TGF-b1-mediated
expression of pro-fibrotic proteins in PAFs

To assess whether FABP5 mediates PH-LHD-induced pulmonary
artery fibrosis in vitro, we used SBFI-26 to inhibit FABP5. While
TGF-b1 stimulation increased profibrogenic proteins Col1 and a-
SMA in PAFs, inhibition of FABP5 blocked TGF-b1-induced
increases of these profibrogenic proteins (Fig. 4A). We next used
siRNA to knock down FABP5 in PAFs (Fig. 4B). FABP5 siRNA blunted
the fibrotic effect of TGF-b1, as shown by the immunofluorescence
staining with a-SMA antibody (Fig. 4C) and attenuated of TGF-b1-
induced increases of profibrogenic proteins (Fig. 4D). These results
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demonstrated that FABP5 plays a crucial role in regulating the
fibrotic response in PAFs.
FABP5 induced PAF activation is mediated by wnt/b-catenin pathway

We investigated the role of wnt/b-catenin pathway in FABP5-
mediated fibrotic response in PAFs and found that FABP5 siRNA
treatment effectively inhibited the wnt/b-catenin activation in
TGF-b1-treated PAFs, as demonstrated by the decreased p-
GSK3b/GSK3b and PPARd and increased p-b-catenin/b-catenin
levels (Fig. 5A). Importantly, we used SKL2001 to activate wnt/b-
catenin pathway, and found that SKL2001 application largely
reversed the FABP5 siRNA-induced downregulation of Col1 and
a-SMA in PAFs under TGF-b1 stimulation (Fig. 5B). These results
collectively indicate that FABP5 is involved in pulmonary artery
fibrosis partly via activating the wnt/b-catenin pathway.



Fig. 2. FABP5 was identified as a potential target for PH-LHD treatment. (A) Representative HE staining of heart in sham/PH-LHD mice. (B-D) Representative M-mode images
of echocardiography (B) and average data of EF (C) and FS (D) in sham/PH-LHD mice. n = 6, ***P < 0.001. (E-G) Representative HE staining of pulmonary arteries (E) showing
MT% (F) and MA% (G) of pulmonary arteries in sham/PH-LHD mice. Scale bar = 50 lm. n = 60. ***P < 0.001. (H) Average data of RVSP in sham/PH-LHD mice. n = 6, ***P < 0.001.
(I) Average data of RVHI in sham/PH-LHDmice. n = 6, *P < 0.05. (J) RT-qPCR results of 22 genes expression in sham/PH-LHDmice. (K-L) Western blot and average data showing
FABP5 protein levels in sham/PH-LHD mice. n = 6, ***P < 0.001. (M-N) Western blot and average data showing IGF1 protein levels in sham/PH-LHD mice. n = 6.

Q. Lei, Z. Yu, H. Li et al. Journal of Advanced Research 40 (2022) 197–206
Discussion

In this study, FABP5 was identified by bioinformatic analysis of
two microarray datasets (GSE84704 and GSE16624) and validated
using RT-qPCR and western blot in PH-LHD mice. In vivo FABP5
inhibition by SBFI-26 improved cardiac function and suppressed
pulmonary artery remodeling in PH-LHD mice. In vitro study
revealed that application of SBFI-26 and FABP5 siRNA blunted
TGF-b1-induced fibrotic response in PAFs. Moreover, FABP5 acti-
vated wnt/b-catenin pathway, and wnt/b-catenin activation elimi-
nated the anti-fibrotic effect of FABP5 knockdown. Therefore, the
FABP5 could be an important potential target for PH-LHD. Thus,
FABP5 and its regulated wnt/b-catenin pathway could be the ther-
apeutic targets for PH-LHD.

PH occurs in LHD when left heart filling pressure passively ele-
vated [4]. MI mouse model is the frequently used animal model of
heart failure with secondary PH [23]. In this study, left heart failure
post MI surgery was confirmed by histological staining with man-
ifestation of the left ventricular dilation and left wall thinning
(Fig. 2A) and by echocardiography manifested by significant reduc-
tion of left ventricular EF and FS% (Fig. 2B). It was proposed that the
most important pathology of pH is pulmonary vascular remod-
elling [24]. In heart failure patients, the severity of pH correlated
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strongly with venous and arteriolar intimal thickening [25]. Our
PH-LHD model recapitulates this feature by showing that MT%
and MA% were significantly increased in pulmonary artery. Of all
selected genes, FABP5 was identified as the only upregulated gene
in this PH-LHD model. Therefore, FABP5 was expected to be a new
intervention target in PH-LHD.

The fatty acid-binding proteins (FABPs) are lipid-chaperones
which take part in various lipid-mediated biological processes
[26]. As an import member of FABPs family, FABP5 is most abun-
dantly expressed in epidermis, although it is also expressed in
heart, lung, kidney, and other tissues [27]. To date, FABP5 has not
been studied in the pulmonary artery diseases, although its associ-
ations with COPD and lung cancer have been reported. FABP5 was
reported to be downregulated in human bronchial epithelial in
cigarette smoker with COPD, and its expression was associated
with regulation of anti-inflammation response in infectious lung
diseases [28]. In addition, the enhanced expression of FABP5 in
lung can promote the occurrence and metastasis of non-small cell
lung cancer [29]. However, the role of FABP5 in PH-LHD pathogen-
esis remains poorly understood.

PPARb/d is the downstream effector of FABP5 [30]. After binding
with fatty acids, FABP5 translocates from cytoplasmic to nuclear
and then stimulates PPARb/d to activate the transcription of target



Fig. 3. Inhibition of FABP5 improved cardiac function and mitigated pulmonary vascular remodeling and fibrosis in PH-LHD. (A, C) Representative HE staining of heart (A)
showing infarct size of heart (C) in sham/PH-LHD mice with/without SBFI-26 treatment. n = 6, Scale bar = 2 mm. (B, D, E) Representative M-mode images of echocardiography
(B) and average data of EF (D) and FS (E) in sham/PH-LHD mice with/without SBFI-26 treatment. n = 6, *P < 0.05, **P < 0.01, ***P < 0.001. (F, G, I) Representative HE staining of
pulmonary arteries (G) showing MT% (F) and MA% (I) of pulmonary arteries in sham/PH-LHD mice with/without SBFI-26 treatment. Scale bar = 50 lm. n = 6. **P < 0.01,
***P < 0.001. (J) Average data of RVSP in sham/PH-LHD mice with/without SBFI-26 treatment. n = 6, ***P < 0.001. (K) Average data of RVHI in sham/PH-LHD mice with/without
SBFI-26 treatment. n = 6, ***P < 0.001. (H, L) Representative masson trichrome staining (H) showing collagen deposition in the pulmonary arteries and their border zones (L) in
sham/PH-LHD mice with/without SBFI-26 treatment. Scale bar = 50 lm. n = 6, ***P < 0.001.

Q. Lei, Z. Yu, H. Li et al. Journal of Advanced Research 40 (2022) 197–206
genes [30]. It has been reported that PPARd agonists reversed the
ethanol-induced suppression of wnt/b-catenin pathway in mouse
liver [31]. There is no study tested whether or how FABP5 regulates
wnt/b-catenin pathway, although FABP5 was reported to be nega-
203
tively regulated by wnt/b-catenin pathway [32]. The canonical
wnt/b-catenin signalling pathway plays an important role in pul-
monary vascular remodelling process. In congenital heart
disease-related PH, wnt/b-catenin signalling was reported to be



Fig. 4. Both inhibition of FABP5 and knockdown FABP5 downregulated TGF-b1-mediated expression of pro-fibrotic proteins in PAFs. (A) Western blot and average data
showing Col1 and a-SMA protein levels in PAFs treated with/without SBFI-26 with/without TGF-b1 stimulation. n = 3, ***P < 0.001. (B) Western blot and average data showing
FABP5 protein level in PAFs with/without FABP5 knockdown. n = 3, ***P < 0.001. (C) Immunofluorescence staining of a-SMA in PAFs with/without FABP5 knockdown treated
with/without TGF-b1 stimulation. Scale bar = 200 lm. (D) Western blot and average data showing Col1 and a-SMA protein levels in PAFs with/without FABP5 knockdown
treated with/without TGF-b1 stimulation. n = 3, ***P < 0.001.
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significantly activated in pulmonary artery smooth muscle cells
(PASMCs). The enhanced wnt/b-catenin signalling can promote
aberrant proliferation of PASMCs and pulmonary vascular remod-
elling [33]. In the context of hyperoxia-induced lung injury, the
expression and nuclear translocation of b-catenin were markedly
increased, and both were closely associated with PH, as inhibition
of wnt/b-catenin attenuated hyperoxia-induced lung injury and PH
development [34]. Here, we reported that FABP5 induced pul-
monary vascular remodelling in PH-LHD was largely mediated by
wnt/b-catenin signalling.

Wnt/b-catenin pathway is highly conserved in evolution and
involved in diverse processes, including balance of energy metabo-
lism, embryonic development and cancer pathogenesis [35]. In the
process of wnt/b-catenin pathway activation, cytoplasmic protein
level of b-catenin functions as a switch. b-catenin at low level
keeps wnt/b-catenin pathway from activation. But when wnt
ligand binds to transmembrane receptors Frizzled and LRP-5/6
and forms a complex, it activates plasmosin Dishevelled. The acti-
vated Dishevelled suppresses the formation of the destruction
complex (comprised of GSK-3b, APC and Axin), and then inhibits
b-catenin phosphorylation, leading to a sharp reduction of b-
catenin degradation mediated by ubiquitylation and proteasome
[36]. The accumulated b-catenin transfers to the nucleus and binds
204
to TCF (T cell factor)/LEF1 (lymphoid enhancer-binding factor 1)
transcription factor family, regulating the expression of target
genes [37]. Hence, the phosphorylation level of GSK-3b and b-
catenin is the biomarker of the wnt/b-catenin pathway activation.

In this study, we found that FABP5 knockdown downregulated
the phosphorylation level of GSK-3b and upregulated the phospho-
rylation level of b-catenin, resulting in inactivation of wnt/b-
catenin pathway and elimination of the fibrotic response. Our data
was consistent with the previous findings that activation of wnt/b-
catenin pathway caused PH deterioration [22] and fibroblast acti-
vation [38]. For the first time, we demonstrate that FABP5 is the
driving force.

On the other hand, our study found that FABP5 inhibition could
improve cardiac function in this MI-induced heart failure model,
which is inconsistent with findings from a pressure-overload heart
failure model [39]. Gao et al recently reported decreased cardiac
function in FABP5 knockout mice with transverse aortic constric-
tion (TAC)-induced heart failure [39]. Discrepancy between the
studies may derive from distinct types of mouse model. In our
study, a severe heart failure model was constructed through per-
manent ligation of coronary LMA. This MI-induced heart failure
model is characterized by the massive loss of cardiomyocytes
and subsequent intensive inflammatory response. As a result of



Fig. 5. FABP5 regulated PAF activation partly via activating wnt/b-catenin pathway. (A) Western blot and average data showing the protein levels of GSK3b, p-GSK3b, b-
catenin and p-b-catenin in PAFs with/without FABP5 knockdown with/without TGF-b1 stimulation. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001. (B) Western blot and average data
showing the protein levels of profibrogenic proteins Col1 and a-SMA in TGF-b1 stimulated PAFs with/without FABP5 knockdown treated with/without wnt/b-catenin
pathway agonist SKL2001. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.
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FABP5 inhibition, the diminished PH will improve pulmonary per-
fusion and myocardial ischemia. These could explain the improved
cardiac function in our ischemic mouse model in which disrupted
pulmonary perfusion played essential roles in the development of
cardiac dysfunction [40]. In contrast, Gao et al investigated the role
of FABP5 in TAC-induced heart failure in the FABP5 knockout mice,
where myocardial hypertrophy and mitochondrial dysfunction are
the main pathology. In this setting, the myocardial deficiency of
FABP5 could accelerate the mitochondrial dysfunction and there-
fore aggravate heart dysfunction [39]. Since FABP5 can regulate
inflammation process, which is critical for heart failure progression
after MI, FABP5 may also affect cardiac function through modulat-
ing inflammatory response in the setting of MI.
Conclusion

Collectively, this study demonstrates that FABP5 plays a crucial
role in the development of PH-LHD by activating wnt/b-catenin
signalling pathway. These findings point out FABP5 as a potential
target for anti-PH-LHD therapy.
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