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Abstract 

Background  Myocardial infarction (MI) and subsequent ischaemic cardiomyopathy (ICM) are the primary causes 
of heart failure. Inter-α trypsin inhibitor heavy chain 5 (ITIH5) is an extracellular matrix (ECM) protein and has been 
identified as a myocardial marker of ICM. However, its diagnostic value in patients with ICM and its function 
and molecular mechanism in regulating cardiac repair and remodelling after MI remain unknown.

Methods  Three microarray datasets including 117 ICM and 152 non-failing (NF) myocardial tissue samples were 
merged and analysed. Peripheral blood and clinical information were collected from 53 patients with ICM and 40 NF 
controls. The effects of ITIH5 on cellular interactions and cardiac remodelling was studied using ITIH5 RNAi adeno-
associated virus and mouse MI model in vivo and in fibroblast–macrophage co-culture model in vitro.

Results  ITIH5 was upregulated in the myocardial tissue and peripheral blood of patients with ICM and could be 
an independent risk factor for ICM. Experiments in mice suggested that ITIH5 promotes cardiac fibrotic remodelling 
at all phases after MI. Downregulation of ITIH5 increased the risk of death within 7 d after MI but inhibited ventricular 
remodelling and improved cardiac function on the long-term. ITIH5 promotes the primary cardiac fibroblasts (CFs) 
proliferation, migration, and improves survival rather than activiation. Morover, ITIH5 directly promotes macrophage 
tissue infiltration, maturation, and profibrotic phenotype transformation, thereby promoting fibrotic remodelling. By 
using fibroblast–macrophage co-culture model, we demonstrated ITIH5 enhanced the fibroblast/macrophage cross-
talk manifest as macrophage profibrotic phenotype transformation and CFs activation, mainly by enhancing the hya-
luronan stability, the ability of ITIH5 to bind macrophage CD44 receptors and the downstream activation of the signal 
transduction and activator of transcription 3 pathway in macrophages.

Conclusions  ITIH5 could be used as a diagnostic marker for ICM. Moreover, ITIH5 expression was upregulated 
after MI, which accelerated ECM-fibroblast-macrophage interaction, thereby promoting macrophage profibrotic phe-
notype transformation, CFs activation, and cardiac fibrotic remodelling.
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Backgroud
Myocardial infarction (MI) is a leading cause of heart 
failure worldwide. Cardiac ischaemia and hypoxia lead 
to localised or diffuse myocardial fibrosis, which in turn 
lead to impaired systolic and/or diastolic function of the 
heart and development of ischaemic cardiomyopathy 
(ICM) [1, 2]. The body adapts to MI injury through com-
plex acute and chronic responses to maintain the pump 
function; this process is mediated with inflammation and 
immune cell signalling [3].

In acute ischaemic injury, immune-mediated fibrotic 
activation is necessary to prevent catastrophic myocardial 
rupture. Substitutional fibrosis in the infarct area results 
from the activation of interstitial fibroblasts and recruit-
ment of epicardial fibroblasts, leading to scar formation 
and maintenance of ventricular integrity. However, an 
excessive fibroblast response leads to the accumulation 
of excessive extracellular matrix (ECM), which stiffens 
the cardiac tissue and negatively affects the niches of car-
diomyocytes, leading to the progressive deterioration of 
cardiac function [4, 5]. Although fibroblast activation has 
been extensively studied, the effects of immune signal-
ling on acute and chronic fibrosis have recently received 
widespread attention [4, 6]. The understanding of this 
relationship will revolutionise the treatment of heart dis-
eases by targeting the immune regulation. Although the 
development of chimeric antigen receptor T-cell immu-
notherapy offers exciting future directions [7, 8], there is 
currently a lack of specific immune regulatory targets for 
heart failure after MI and further exploration is needed.

Matricellular proteins are non-structural ECM proteins 
that interact with cell surface receptors, growth factors, 
proteases, and other bioactive substances, as well as with 
ECM structural proteins [9, 10]. Therefore, matricellu-
lar proteins acts as the "bridge" of information exchange 
between cells and ECM, and are involved in maintain-
ing the integrity of cardiac structure and regulating the 
immune environment after MI, a key factor that deter-
mines prognosis [10, 11]. Inter-α trypsin inhibitor heavy 
chain 5 (ITIH5) can be secreted into ECM and has been 
widely reported as a tumour suppressor gene [12–15]. 
Recent studies have identified ITIH5 as a potential adi-
pokine, and its expression in the abdominal subcuta-
neous adipose tissue of patients with obesity is higher 
than that in the patients who are non-obese [16, 17]. In 
addition, some studies have revealed a role of ITIH5 in 
regulating ECM and immune environmental homeosta-
sis. First, ITIH5 regulates the myofibroblast trans-dif-
ferentiation and activation of the endothelin-dependent 
transforming growth factor beta (TGFβ) signalling path-
way [18, 19]. ITIH5 knockout promotes periostin and 
multiple matrix metalloproteinases expression in inflam-
matory skin disease models [20]. In contrast, ITIH5 is a 

potential immune cell regulator that maintains high-den-
sity hyaluronan (HA) and prevents its degradation into 
pro-inflammatory low-density HA, thereby improving a 
variety of inflammatory skin diseases [20, 21] and inhibit-
ing pro-inflammatory cytokine synthesis in adipose stem 
cells [22].

Previous studies have identified ITIH5 as a myocar-
dial marker of ICM and its association with chronic kid-
ney disease [23]; however, there is still a lack of evidence 
on the diagnostic value of ITIH5 in patients with ICM 
and its function and molecular mechanism in regulat-
ing tissue repair and remodelling after MI. In this study, 
by integrating gene microarray datasets and detecting 
ITIH5 levels in the peripheral blood, we found that both 
myocardial and peripheral blood ITIH5 levels could be 
used as diagnostic markers of ICM. Further, we used an 
adeno-associated virus (AAV) system to knockdown the 
ITIH5 gene in vivo and a fibroblast/macrophage 2/3D co-
culture model in vitro, to study ITIH5-mediated cardiac 
remodelling and ECM–macrophage–fibroblast signalling 
network regulation after MI. We explored the molecular 
mechanism by which ITIH5 regulates ECM structure and 
downstream signalling pathways, which could promote 
macrophage profibrotic phenotypic transformation. In 
this study, we identified novel diagnostic markers of ICM, 
revealed a new mechanism of ECM regulation of cardiac 
remodelling after MI, and provided new clues for the 
treatment of MI and ICM.

Materials and methods
Reagents and antibodies
The signal transduction and activator of transcription 
3 (STAT3) inhibitor (Stattic, HY-13818) and 4-methy-
lumbelliferone (4-MU, HY-N0187) were purchased 
from MedChemExpress (New Jersey, USA). The anti-
mouse/human CD44 neutralizing antibody (BE0039) 
and IgG2b isotype control (BE0090) were purchased 
from BioXcell (West Lebanon, USA). The primary anti-
bodies anti-CD44 (15675–1-AP), anti-STAT3 (10253–
2-AP), anti-β-actin (20536–1-AP), anti-GAPDH 
(10494–1-AP), anti-collagen I (14695–1-AP), anti-
collagen III(68320–1-Ig), anti-αSMA (14395–1-AP), 
anti-CTnI (21652–1-AP), anti-CD31 (28083–1-AP), 
anti-F4/80 (28463–1-AP), anti-CD3 (17617–1-AP), 
anti-CD68 (28058–1-AP), anti-CSF1R (25949–1-AP), 
anti-iNOS (18985–1-AP) anti-CD86 (13395–1-AP), 
anti-ARG1 (66129–1-Ig), anti-CD206 (60143–1-Ig) 
and anti-TGFβ1 (21898–1-AP) were purchased from 
Proteintech (Wuhan, China). Anti-OPN (ab91655) 
was purchased from Abcam (Cambridge, UK). Anti-
Ki67 (HA721115) and anti-phospho-STAT3 Tyr705 
(ET1603-40) were purchased from HUABIO (Hang-
zhou, China). Anti-BAX (2772), anti-caspase 3 (14220), 
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anti-vimentin (5741), and anti-LY6G (87048) were pur-
chased from Cell Signaling Technology (Danvers, MA, 
USA). Anti-ITIH5 (OACD04924) was purchased from 
Aviva systems biology (San Diego, CA, USA).

Data collection and processing
Using the keywords “ischemic cardiomyopathy”, we 
downloaded three microarray expression profiles of 
human ischaemic cardiomyopathy from the Gene 
Expression Omnibus (GEO) database (https://​www.​ncbi.​
nlm.​nih.​gov/​geo/), including the GSE42955, GSE79962, 
and GSE57338 datasets. The platform for GSE42955 and 
GSE79962 was GPL6244, which included 23 ICM sam-
ples and 16 non-failing (NF) donor heart samples. The 
platform for GSE57338 was GPL11532 which included 95 
ICM samples and 136 NF donor heart samples.

The R software package was used to process the down-
loaded platform and a series of expression matrix files. 
The ID corresponding to the probe name was converted 
to the international standard name for the genes (gene 
symbols) by using “hugene10sttranscriptcluster.db” and 
“hugene11sttranscriptcluster.db” R packages respectively. 
We combined the three datasets because the GPL6244 
and GPL11532 platforms shared the same probe to the 
gene symbol conversion annotation information. After 
merging all the microarray data, batch effects were 
adjusted by the “combat” function of the “sva” package. 
Finally, the expression values were normalised according 
to the “normalizeBetweenArrays” function of the pack-
age “limma” so that the expression values have similar 
distribution across a set of arrays.

In addition, anothor human ICM microarray expres-
sion profile (GSE5406) and an RNA sequencing expres-
sion profile (GSE116250) were downloaded as external 
validation datasets to verify the differential expression 
tendency of ITIH5. The ID corresponding to the probe 
name in GSE5406 dataset was converted to gene symbols 
by using “hgu133a.db” R package and the Ensembl ID in 
GSE116250 dataset was converted to gene symbols by 
using “biomart” R package. Information on the five data-
sets is listed in Additional file 1 (Table S1).

Screening for DEGs
We screened the differentially expressed genes (DEGs) 
between the patients with ICM and NF heart in the 
merged data using the “limma” R package. A gene was 
defined as a DEG between the ICM and NF samples when 
the adjusted P value was < 0.05 and |log2 FC | was > 0.6.

Identification of hub genes
Hub genes were identified using the weighted gene co-
expression network analysis (WGCNA) R package and 

the correlation coefficients of the genes were constructed 
and transformed into a weighted adjacency matrix. These 
genes were then allocated to minimum-sized mod-
ules, and a cluster dendrogram was drawn. A total of 
20 genes was chosen as the minimum number of genes 
in each module. To merge possible similar modules, 
we defined 0.2 as the threshold for cut height. The cor-
relation between gene expression and sample trait was 
determined by the criterion of gene significance > 0.5 and 
module membership > 0.83.

Random forest analysis
The random forest package was used to analyse the inter-
secting genes. Random forest is one of the most widely 
used machine learning algorithms; it can process input 
samples with high-dimensional features without dimen-
sionality reduction and evaluate the importance of each 
feature in classification problems.

Single cell sequencing data collection and processing
Using the keyword "Myocardial infraction”, we down-
loaded a mice single cell sequencing dataset GSE128628 
from the GEO database (https://​www.​ncbi.​nlm). The 
datasets included one left ventricular myocardial tissue 
sample from the sham operation group and two left ven-
tricular myocardial tissue samples from the MI model 
group two weeks after MI modelling. The Seurat (version 
4.0, https://​satij​alab.​org/​seurat/) R package was used for 
raw scRNA-seq data processing and preliminary analysis. 
The details are as follows:

(1) Seurat was used to convert the scRNA-seq data 
into Seurat objects.
(2) Seurat was used to screen high-quality cells based 
on the criteria that the number of expressed genes 
was less than 200 and that the proportion of mito-
chondrial genes was more than 20%. If one of these 
criteria was satisfied, the cells were filtered.
(3) The “harmony” function was used to remove the 
batch effect and standardise the data.
(4) The first 3,000 highly variable genes were deter-
mined using the “FindVariableFeatures” function, 
and then principal component analysis was applied 
to reduce the dimensionality of the scRNA-seq data 
based on 3,000 variable genes.
(5) The “RunTSNE” function was applied to per-
form t-distributed stochastic neighbour embedding 
(TSNE) to analyse the scRNA-seq data. Cell cluster 
analysis was conducted by the “FindClusters” func-
tion (with the “resolution” parameter set to 0.6) and 
the “FindAllMarkers” function was used to identify 
DEGs between each cell population.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm
https://satijalab.org/seurat/
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(6) Finally, different cell populations were annotated 
according to the marker genes obtained from the 
“CellMarker” database and previous studies [24, 25].

RNA sequencing and bioinformatic analysis
A small portion of fresh myocardium of the infrac-
tion area (approximately 5–10  mg) from three hearts 
in each of the groups was used to extract total RNA. 
The  mRNA-seq Library Prep kit (Vazyme, Nanjing, 
China, cat#NR612-02)  was  used  to  prepare  a  transcrip-
tome library with at least 1 μg total RNA. Transcriptome 
sequencing and analysis were conducted by OE Biotech 
Co. Ltd. (Shanghai, China). Differential expression anal-
ysis was performed using the R package ‘DESeq2’. The 
thresholds for significant DEGs were set as p < 0.05 and 
log2 fold change (FC) values > 1 or < − 1. GO enrichment, 
KEGG pathway enrichment and GSEA enrichment anal-
yses of DEGs were performed using the Xiantao platform 
(https://​www.​xiant​ao.​love/​produ​cts).

Collection, acquisition, and processing of clinical samples
Peripheral blood samples were obtained from 40 volun-
teers without heart failure and 53 patients with ICM at 
the Cardiology Department of Hangzhou First People’s 
Hospital (Hangzhou, China). The inclusion criteria were 
as follows: (1) a clear history of coronary heart disease 
with at least one MI event, and (2) signs and/or labora-
tory evidence of cardiac insufficiency. The healthy con-
trol population included relatively healthy volunteers 
with no history of heart failure or coronary heart disease 
but had cardiovascular disease risk factors. The exclu-
sion criteria were as follows: (1) patients with other heart 
diseases or other causes of heart enlargement and heart 
failure, including dilated cardiomyopathy, congenital car-
diovascular disease, pulmonary heart disease, valvular 
heart disease, and other cardiomyopathies due to various 
secondary causes, such as rapid and persistent supraven-
tricular arrhythmia; (2) patients with severe hepatic and 
renal insufficiency; (3) patients with severe infections; 
and (4) patients with malignant tumours. This study fol-
lowed the ethical standards formulated by the Declara-
tion of Helsinki of the World Health Organization and 
was approved by the Ethics Committee of Hangzhou 
First People’s Hospital (Research KY-20230827–0187-
01). All samples were centrifuged at 3,000 rpm and 4 °C 
for 10 min within 12 h after collection. Peripheral blood 
plasma for enzyme-linked immunosorbent assay (ELISA) 
tests was collected and stored at − 80 °C.

Animal experiments
C57BL/6 male mice, aged 5–6 weeks old and weighing 
18–20 g, were provided by the Zhejiang Chinese Medi-
cal University. Animal experiments were conducted 
at the Experimental Animal Center of Zhejiang Chi-
nese Medical University under the registration num-
ber IACUC-20230710–07 (approval July 2023). The 
mice were housed in a specific pathogen-free facility, 
maintained at 22 °C with 12 h of light per day, and pro-
vided ad libitum access to food and water. After allow-
ing the mice to acclimatise for 7 d, they were randomly 
assigned to the experimental groups.

AAVs preparation and mice tail vein injection
After adaptive feeding for one week, tail vein injec-
tions of AAVs were performed. The mice in the WT 
group received a tail vein injection of 100 µL 5.0 × 1011 
vg AAV9-pPOSTN-scramble; the mice in the ITIH5 
knockdown (KD) group received a tail vein injec-
tion of 100 µL 5.0 × 1011 vg AAV9-pPOSTN-shITIH5. 
The AAVs used in this study were purchased and syn-
thesised by Shanghai Genechem Co., Ltd. (Shanghai, 
China).

Mice MI model construction
The mice were fed for three weeks after tail vein injec-
tion, and a mouse MI model was constructed. Each 
group of mice was randomly divided into two groups 
for MI construction and sham operations, the specific 
steps are as follows:

(1)	 The mice were weighed, and the surgical site was 
fully exposed after intraperitoneal injection of 
pentobarbital sodium (50 mg/kg).

(2)	 Subsequently, the mice were placed in the supine 
position, their limbs and teeth were fixed, and a tra-
cheal tube was inserted and connected to a ventila-
tor. The chest fluctuated and moved along with the 
ventilator, which was set at a suction frequency of 
100 times/min and the tidal volume was set to 0.5–
0.7 mL.

(3)	 The mice were then placed in the right decubitus 
position, and the chest was opened between the 
ribs (3–4) and the armpit of the left forelimb to 
fully expose the heart. A small portion of the peri-
cardium was torn under the left atrial appendage to 
fully expose the left anterior descending branch.

(4)	 The 7–0 sutures with needles were placed with the 
needle holder and inserted at the lower margin of 
the left atrial appendage (1.5  mm). The stitches 
passed through the left anterior descending branch 
to completely block the blood flow of the left ante-

https://www.xiantao.love/products
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rior descending branch. The sham operation group 
was threaded without a ligature.

(5)	 After ligation, the 4–0 suture completely closed the 
chest cavity opening and closed the chest cavity 
layer-by-layer from the inside to the outside.

(6)	 Respiratory support was continued to be adminis-
tered to the mice after surgery; when the depth of 
anaesthesia of the mice decreased and spontaneous 
breathing resumed, tracheal intubation was pulled 
out and the mice were put back into the cage to 
recommence normal life. Feeding was continued for 
7 or 28 d after construction of the MI model.

Echocardiographic assessment of cardiac functions
Seven or 28 days after the establishment of the MI model, 
the mice were anaesthetised with isoflurane. The cardiac 
function of the left ventricle (LV), including LV ejection 
fraction (LVEF), LV fractional shortening (LVFS), and LV 
internal dimensions at diastole/systole (LVIDd/LVIDs), 
was evaluated using echocardiography with a Vevo TM 
2100 (Visual Sonics Inc., Ontario, Canada) in the tran-
sthoracic parasternal long-axis view.

Histological staining
After echocardiographic and electrophysiological assess-
ments, hearts were isolated and fixed in 4% paraformal-
dehyde for 24 h, followed by gradual dehydration. Fixed 
heart tissues were embedded in paraffin and subjected to 
haematoxylin and eosin (H&E) and Masson’s trichrome 
staining. To label the macrophages and lymphocytes 
in the heart tissues of mice, antibodies against murine 
F4/80, LY6G, and CD3 were used for immunohistochem-
ical staining. All the pathological staining and immuno-
histochemical sections were obtained using a digital slide 
scanner (Aperio Versa 8; Leica, Germany).

Tissue immunofluorescence and HA detection
Hearts were isolated and fixed in 4% paraformalde-
hyde for 24  h, followed by gradual dehydration. Fixed 
heart tissues were embedded in paraffin. The paraffin 
was removed from the sections with xylene and ethanol 
using standard procedures. Antigen retrieval was per-
formed using 10  mM citrate buffer, boiling for 20  min, 
cooling for 20  min, and rinsing with PBS. Slides were 
permeabilised with 0.5% Tween-20 in PBS for 10  min. 
Non-specific staining of tissue sections was minimised 
by blocked with 10% normal goat serum in PBS at room 
temperature for 60 min. Slides were incubated overnight 
at 4 °C with primary antibody. Sections were washed with 
PBS to remove unbound antibodies and then incubated 
for 60  min at room temperature in the dark with Alexa 
Fluor 488 (Beyotime), Alexa Fluor 647 (Beyotime), or 

streptavidin-FITC (Beyotime). Then DAPI (Beyotime) 
was used to stain the nucleus after washing the slides with 
PBS to remove unbound antibody. Images were captured 
by tissue panoramic  scanning  microscopy (Pannoramic 
SCAN, 3D HISTECH, Hungary) or confocal microscope 
(LSM900, Zeiss, Germany) after  the  slides  were sealed 
using anti-fluorescence quenching sealing tablets.

Tunel staining
Tissue apoptosis was determined by TUNEL staining. 
Briefly, brain tissues were excised and fixed in 4% para-
formaldehyde in PBS at room temperature for 24 h. The 
fixed tissues were embedded in paraffin and stained using 
a TUNEL kit (Roche Diagnostics).

Cell isolation and culture
Bone marrow-derived macrophages (BMDMs) were 
isolated from 6 to 8 week-old mice the femur and tibia. 
The bones were flushed with Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% foetal bovine 
serum FBS (Invitrogen). BMDMs were cultured in 
DMEM supplemented with 10% FBS (Invitrogen Gibco), 
100 U/mL penicillin–streptomycin (Invitrogen Gibco), 
and 10  ng/L macrophage colony-stimulating hormone 
(Novoprotein, Suzhou, China; C756) for 6 d.

Primary cardiac fibroblasts (CFs) were isolated from 
3  day-old neonatal mice by collagenase type II (Wor-
thington, Lakewood, NJ, USA; LS004177) digestion [24]. 
Briefly, hearts were excised, minced, and placed in spin-
ner flasks containing 0.1% collagenase type II. The ven-
tricles were repeatedly digested (10–15  min at 37  °C), 
and the cells released by the second to fifth digestions 
were pooled, pelleted, and resuspended in DMEM sup-
plemented with 10% FBS (Invitrogen Gibco) and 100 U/
mL penicillin–streptomycin (Invitrogen Gibco). The cells 
were plated for 45 min to allow the CFs to preferentially 
attach, after which unattached cells were removed by 
aspiration and fresh medium was added. In this experi-
ment, CFs were sub-cultured using trypsin and used 
within three passages.

Mouse Raw264.7 cells were obtained from the cell bank 
of the Chinese Academy of Sciences (Shanghai, China). 
RAW264.7 cells were cultured in DMEM supplemented 
with 10% FBS and 100 U/mL penicillin–streptomycin.

Cell lentivirus transfection and stable transfected cell line 
construction
Lentiviruses carrying the ITIH5 coding sequence and a 
control virus with a green fluorescent protein tag were 
purchased from Shanghai Genechem Co., Ltd. (Shanghai, 
China). The procedure is as follows:
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(1) The day before lentivirus infection, 1 × 105 CFs 
were seeded in each well of a 6-well plate or 1 × 105 
Raw264.7 cells in each well of 24-well plates.
(2) For Raw264.7 cells infection, the appropriate 
volume of lentivirus (MOI = 100), 20 µL HiTransG 
P infection reagent, and DMEM with 10% FBS was 
configured with a final volume of 500 µL; for CFs 
infection, the appropriate volume of lentivirus 
(MOI = 100), 40 µL HiTransG P infection reagent, 
and DMEM with 10% FBS was configured with a 
final volume of 1 mL.
(3) The original medium in each well was discarded, 
and mixed medium was added to each well.
(4) The mixed medium was replaced after 18  h by 
DMEM containing 10% FBS.
(5) CFs infected with lentivirus were sub-cultured 
using trypsin and used for experiments within three 
passages.
(6) For stably transfecting Raw264.7 cells, the original 
medium was replaced with DMEM supplemented 
with 10% FBS and 10  mg/mL puromycin until the 
cells reached 50% confluency. The culture was con-
tinued until the cell density reached 90% confluency, 
and then the cells were cultured in DMEM with 10% 
FBS and 10 mg/mL puromycin for 1 or 2 generations.

CFs and BMDMs siRNA transfection
Approximately 5 × 105 CFs were seeded into the wells of 
a 6-well plate until the cells reached 70–80% confluency. 
For BMDMs, were to induce to differentiate using mac-
rophage colony-stimulating factor (M-CSF) for 5–6 days 
until the cells reached 70–80% confluency. For transfec-
tion, the appropriate volume and concentration of si-
ITIH5 oligonucleotides (sequence were CAG​AAC​CUC​
AGA​CGA​UAA​UTT and AUU​AUC​GUC​UGA​GGU​UCU​
GTT, for sense and antisense sequences, respectively) or 
that of negative control siRNA (si-NC) were mixed with 
INTERFERin transfection reagent (Polyplus, Strasbourg, 
France) and added to 200  µL Opti-MEM. The mixed 
transfection agent was vortexed and incubated at room 
temperature for 10 min. Cells were transfected by replac-
ing the culture medium with Opti-MEM and mixed 
transfection agent was added to each well. After gentle 
mixing and culturing in an incubator for 6 h, the medium 
was replaced with DMEM containing 10% FBS.

Two‑dimensional co‑culture system construction
After lentivirus transfection of CFs, the medium was dis-
carded, the cells were collected follow trypsinisation for 
3  min using 0.25% trypsin. Approximately 2 × 105 CFs 
were seeded into the wells of 12-well plates. After 24 h, 
the culture medium was replaced with 10% FBS DMEM 

containing 20  ng/mL M-CSF, and approximately 2 × 105 
BMDMs/well were added and co-cultured with the CFs. 
Further treatment was performed after 5–6 d of continu-
ous co-culture.

Three‑dimensional spheroid co‑culture system construction
After lentivirus infection of CFs, the medium was dis-
carded, and the cells were trypsinised with 0.25% trypsin 
for 3 min. Approximately 5 × 103 CFs were seeded in each 
well of a 96-well ultra-low-adsorption spheroid micro-
plate (Corning Inc., Corning, USA). After 24 h, approxi-
mately 2000 BMDMs/well were seeded per well and 
co-cultured with the CFs and the culture medium was 
replaced by 10% FBS DMEM with 20 ng/mL M-CSF. Fur-
ther treatment was carried out after 5–6 days of continu-
ous co-culture.

Cells or co‑culture system treatment
CFs were treated with 1 µg/mL angiotensin (MedChem-
Express) or kept under hypoxic conditions (94% N2, 1% 
O2, 5% CO2) for 24  h. CFs were cultured in FBS-free 
DMEM for 24  h to induce apoptosis. BMDMs were 
treated with 10  ng/mL interleukin 4 to promote profi-
brotic phenotype transformation.

For the co-culture system treatment, HA synthesis was 
inhibited by 4-Methylumbelliferone (4-MU); CD44 bind-
ing ability was inhibited by CD44 neutralizing antibody 
and non-specific isotype control antibody was used as 
a control. STAT3 phosphorylation was inhibited by the 
broad-spectrum STAT3 inhibitor Sttatic. Following the 
co-culture of cells for 5–6 days, the medium was changed 
to DMEM complete medium containing the above-
mentioned inhibitors or neutralising antibodies (4-MU 
0.5–1 mM, Sttatic 1–2 µM, CD44 neutralising antibodies 
or non-specific isotype control antibody 5  µg/mL), and 
the culture was continued for 24 h.

ELISA
ELISA was used to measure ITIH5 and NT-proBNP in 
human plasma and mouse serum samples, respectively, 
using commercial kits according to the manufacturer’s 
instructions. The human ITIH5 ELISA Kit was from 
Aviva Systems Biology (CA, USA) and the Mouse NT-
proBNP ELISA Kit was from Elabscience Biotechnology 
Co., Ltd.

Quantitative reverse transcription (qRT‑PCR)
Total cellular and tissue RNA were isolated using the 
RNA-Quick Purification Kit and Tissue RNA Purifica-
tion Kit Plus (Yishan, Shanghai, China), respectively, 
according to the manufacturer’s recommendations. The 
isolated RNA was quantified using the photometric 
method with a NanoDrop spectrophotometer (Thermo 
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Fisher Scientific). Subsequently, 500 ng of total RNA was 
reverse-transcribed into cDNA using a HiFiScript cDNA 
synthesis kit (CWbio, Taizhou, China) following the 
manufacturer’s instructions. The qRT-PCR primers used 
in this study were synthesised by Sangon Biotech (Shang-
hai, China) and their sequences are shown in Table  S2. 
For qRT-PCR, the UltraSYBR mixture (CWBio) and the 
ABI Q5 real-time PCR detection system (Thermo Fisher 
Scientific) were used to obtain comparative threshold 
cycle (Ct) values of the target genes. GAPDH was used 
as an internal control. The relative fold-change in gene 
expression was calculated using the 2−ΔΔCt method.

Western blot analysis
Proteins were obtained from BMDMs, CFs, Raw264.7 
cells, the co-culture system, and myocardial tissues. Cells 
or tissues were homogenised in RIPA buffer containing 
protease and phosphatase inhibitors. After measuring 
protein concentration, the proteins were separated by 
SDS-PAGE and transferred onto a polyvinylidene dif-
luoride membrane (Millipore, Billerica, MA, USA). The 
membrane was blocked with non-fat dry milk (5%) or 
bovine serum albumin (5%) and incubated with primary 
antibodies, followed by secondary antibodies. Finally, 
the membranes were visualised using an ECL substrate 
(Thermo Fisher Scientific).

Protein co‑immunoprecipitation
Co-immunoprecipitation (Co-IP) was performed using 
a Co-IP Kit (Absin, Shanghai, China). Briefly, approxi-
mately 2 × 106 cells in the co-culture system with or with-
out ITIH5 overexpression were sonicated three times for 
20 s each in 500 µL of ice-cold lysis buffer before being 
centrifuged at 14  000 × g for 10  min at 4  °C. Superna-
tants were collected as whole-cell lysates. Cell lysates 
were incubated overnight at 4  °C with ITIH5 antibody 
(2  μg) or CD44 antibody (2  μg) and control IgG (1  μg). 
Protein A- and protein G-Sepharose (5 μL) were added 
to the cell lysates and incubated overnight at 4 °C. After 
1 min of centrifugation at 12 000 × g, the beads were col-
lected and washed three times with the wash buffer. The 
beads were boiled in 40 µL loading buffer (1 ×) for 5 min 
and centrifugated for 1  min at 14  000 × g and 4  °C. The 
supernatant was collected for subsequent western blot-
ting experiments.

Cell immunofluorescence
For immunofluorescence, cell monolayers were fixed 
with 4% paraformaldehyde and treated with 0.3% Tri-
ton X-100. After three washes with PBS, the cells were 
blocked with 5% bovine serum albumin for 40 min. The 
cells were then incubated with primary antibodies, fol-
lowed by fluorescently-labelled secondary antibodies and 

Hoechst staining. The results were observed under a con-
focal microscope (ZEISS).

CFs EdU staining
EdU staining was performed using the EdU-488 Cell Pro-
liferation Detection Kit (Beyotime). The CFs were incu-
bated with the EdU solution for 12 h in an incubator with 
5% CO2 at 37 °C. Cells were fixed and stained with Alexa 
Fluor 488. Nuclear counterstaining was performed using 
Hoechst33342. The final images were observed using a 
fluorescence microscope (Leica).

Flow cytometry (FCM) analysis
BMDMs or cells in co-culture system were digested with 
trypsin, washed twice with PBS, and suspended in 100 µL 
staining buffer (106 cells per tube). Cell suspensions were 
incubated at 4 °C for 10 min with 1 µL purified CD16/32 
antibody to block non-specific Fc sites (BioLegend, CA, 
USA). Cells were then labelled with APC anti-mouse 
F4/80 (BioLegend) and PE-CY7 anti-mouse CD11b (Bio-
Legend) at 4  °C for 20  min protected from light. Then, 
150µL Fix/Perm buffer (BioLegend) was added and the 
cells were incubated at room temperature for 20  min 
protect from light. After washing with 1 × Perm wash 
buffer (BioLegend) three times and resuspend with 100 
µL 1 × Perm wash buffer, cells were labelled with BV421 
anti-mouse CD206 (BioLegend) at room temperature for 
20  min protected from light. After washing twice with 
staining buffer, PBMCs were resuspend with in 400 µL 
staining buffer. Flow cytometry was performed using a 
Beckman CytoFLEX instrument (Beckman Coulter Inc., 
USA). All data were evaluated using FlowJo software.

Apoptosis FCM analysis
FCM analysis of apoptosis was performed using an 
Annexin V-FITC/PI apoptosis kit (BDbiosciences, CA, 
USA, cat# 556,547). Briefly, CFs or cells in co-culture 
system were digested with trypsin and then collected, 
washed twice with PBS, and suspended with 100 µL 
binding buffer (10^6 cells per tube). Then, 5 µL Annexin 
V-FITC and PI were added in each tube and incubated 
with cell suspension at room temperature for 15 min pro-
tect from light. 400 μL of 1 × Binding Buffer was added in 
each tube to make the volume of each tube about 500 μL. 
Flow cytometry was performed using a Beckman Cyto-
FLEX instrument (Beckman Coulter Inc.). All data were 
evaluated using FlowJo software.

Statistical analyses
SPSS26.0 and GraphPad Prism were used for statistical 
analysis and graphical presentation. Normal distribu-
tion measurement data were expressed as mean ± stand-
ard deviation. Independent sample t-test was used for 
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the comparison of normal distribution data between 
two groups, non-parametric test (Kruskal–Wallis test) 
was used for data with non-normal distribution. Count-
ing data are expressed as frequency or percentage (n %), 
and the chi-square test was used for comparison between 
groups. Single-factor linear regression was used to evalu-
ate the risk factors for peripheral ITIH5 levels, and risk 
factors with statistical differences in the single-factor 
regression were included for further multifactor stepwise 
linear regression. Single-factor logistic regression was 
used to evaluate the diagnostic value of each risk factor 
for ICM, and the risk factors with statistical differences 
in single-factor regression were included in the multi-
factor stepwise logistic regression, while receiver oper-
ating characteristic (ROC) curves were used to calculate 
the area under the curve (AUC) and evaluate specificity 
and sensitivity. To include all the risk factors affecting 
ITIH5 level, P < 0.1 was considered statistically significant 
in the single-factor linear regression model, while P < 0.05 
was considered statistically significant in other statistical 
tests.

Results
ITIH5 as a potential marker of ischemic cardiomyopathy
To explore potential molecular targets for the treatment 
of ICM, three open-access microarray datasets in the 
GEO database were merged, and batch effect correction 
and standardisation were performed on the merged data-
sets (Additional file 1, Figure S1a, b). After converting the 
probe names into gene symbols, 18,813 genes and 206 
DEGs were identified (Fig. 1a). Then, we conducted func-
tional enrichment analysis of GO and KEGG pathways 
in DEGs, which suggested that DEGs mainly enriched in 
functional gene clusters including “extracellular matrix 
organization”, “collagen-containing extracellular matrix”, 
“extracellular matrix structural constituent” and signal-
ling pathways such as “complement and coagulation cas-
cades”, “Chagas disease”, “viral protein interaction with 
cytokine and cytokine receptor” (Fig. 1b).

We further identified the genes that were significantly 
associated with ICM. A total of 2,000 genes with the 

highest median deviation were used to construct co-
expression modules using the WGCNA algorithm, which 
could appropriately assess the scale-free topology of the 
network. When the correlation coefficient threshold 
was 0.9, the soft-thresholding power was selected to six 
(Fig.  1c). Through WGCNA analysis, 13 co-expression 
modules were constructed (Fig.  1d). The module com-
prising the most genes (464 genes) was turquoise. To 
identify correlations between gene modules and clini-
cal phenotypes, we conducted module-trait correla-
tions between ICM and NF samples and found that the 
turquoise module was significantly correlated with ICM 
(Fig.  1e). Furthermore, all the genes in the turquoise 
module were significantly associated with ICM (Fig. 1f ).

Next, 106 genes were identified by intersecting DEGs 
and genes in the turquoise module (Fig.  1g), and a ran-
dom forest model was constructed based on the expres-
sion levels of these 106 genes. The model error tended to 
stabilise when mtry = 3 and ntree = 500 (Fig.  1h). Based 
on the MeanDecreaseGini method, 25 key genes with 
MeanDecreaseGini > 2 were selected (Fig.  1i). ITIH5 
had the highest Mean Decrease Gini score, representing 
a significant correlation in the ICM assessment model. 
Two external datasets were used to verify the differen-
tial expression of ITIH5 and evaluate its diagnostic value. 
The results suggested that ITIH5 expression levels in the 
myocardial tissues of ICM samples were significantly 
higher than those in NF samples (Fig. 1j), with satisfac-
tory diagnostic value (Fig. 1k).

ITIH5 as a peripheral blood marker of ICM
ITIH5 can be detected as a secreted protein in human 
peripheral blood [20]. To further explore the diagnostic 
value and clinical translational possibility of ITIH5 in 
patients with ICM, we collected peripheral blood and 
basic clinical information from 53 patients with ICM and 
40 NF controls (detailed baseline information is listed in 
Additional file  1, Table  S3) and detected ITIH5 protein 
levels in the peripheral blood by ELISA. Subsequently, 
we divided the patients into several groups according to 
LVEF (HFpEF, HFmrEF, and HFrEF) and NYHA cardiac 

(See figure on next page.)
Fig. 1  ITIH5 as a potential marker of ischemic cardiomyopathy. a Volcano map of DEGs. b GO and KEGG enrichment analysis of DEGs. c Analysis 
of the scale-free fit index for various soft thresholding powers (Left) and analysis of the mean connectivity for various soft-thresholding powers 
(Right). d Hierarchical cluster analysis was conducted to detect co-expression clusters with corresponding colour assignments. Each colour 
represents a module in the constructed gene co-expression network by WGCNA. e Relationships of consensus module and clinical trait, 
with different colours representing different modules. Each row corresponds to a module and columns represent their correlations with the traits. 
f Module significance values of those co-expression modules associated with ICM (module significance value indicated the summary of gene 
significance of all genes in each module, and different colours of column indicated different modules). g Intersection genes of DEGs and turquoise 
module genes. h The relationship between the number of random forest decision trees and error rate. i Ordering of gene importance 
by MeanDecreaseGini method. j The ITIH5 expression level in the cardiac tissue of each group in the external validation datasets. k Diagnostic 
efficacy assessment (ROC curve) of the ITIH5 gene expression level in the external validation datasets
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function classification (NYHA II, III, and IV) and ana-
lysed the ITIH5 levels in each group. The level of ITIH5 
in patients with ICM was significantly higher than that in 
NF controls (Additional file 1, Figure S2a). Nevertheless, 

we did not observe a gradual increase in ITIH5 lev-
els along with a deterioration of cardiac function and a 
decrease in LVEF (Additional file 1, Figure S2b).

Fig. 1  (See legend on previous page.)
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Subsequently, we conducted a linear regression based 
on ITIH5 level, and found that the ITIH5 level was cor-
related with multiple factors, including gender (β = 5.92, 
P = 0.083), diabetes (β = 7.532, P = 0.04), body mass index 
(BMI) (β = 0.736, P = 0.097), white blood cells (WBC) 
(β = 1.358, P = 0.04), albumin (β = −  1.454, P = 0.003), 
serum total cholesterol (β = − 2.379, P = 0.087), c reaction 
protein (CRP) (β = 0.166, P = 0.016), LVIDd (β = 0.485, 
P = 0.009), LVEF (β = −  0.429, P = 0.000), pulmonary 
artery pressure (PAP) (β = 5.371, P = 0.07) and NYHA 
classification (β = 5.854, P = 0.000) (Additional file  1, 
Table S4). A stepwise linear regression analysis was per-
formed with ITIH5 level as the dependent variable, and 
gender, diabetes mellitus, BMI, WBC, serum albumin, 
serum total cholesterol, CRP, LVIDd, LVEF, PAP and 
NYHA classification as the independent variables. The 
results demonstrated that peripheral blood ITIH5 lev-
els were associated with BMI (β = 0.919, P = 0.023), CRP 
(β = 0.144, P = 0.024), and LVEF (β = −  0.409, P = 0.000) 
(Additional file 1, Table S5).

To clarify the diagnostic value of ITIH5 levels in ICM, 
risk factors and peripheral blood ITIH5 levels were 
included in univariate logistic regression analysis. The 
results suggested that sex, age, diabetes, atrial fibrillation, 
WBC count, albumin, glomerular filtration rate (GFR), 
low density lipoprotein (LDL), CRP, and ITIH5 were all 
risk factors for ICM (Additional file  1, Table  S6). The 
association between ITIH5 and ICM was further exam-
ined using a multivariate logistic model adjusted for sex, 
age, diabetes, atrial fibrillation, WBC count, albumin 
level, GFR, LDL level, CRP level, and ITIH5 level. We 
found that ITIH5 elevation was independently associated 
with the risk of ICM (OR = 1.132; 95% CI 1.057–1.213) 
(Additional file  1, Table  S7). Sex, atrial fibrillation, and 
GFR were independently associated with ICM risk. We 
further evaluated the ability of ITIH5 to diagnose ICM 
using ROC curves. The AUC of ITIH5 levels was 0.806 
(95% CI 0.716–0.896), and the predictive ability was bet-
ter or no worse than that of sex (AUC = 0.712; 95% CI 
0.72–0.822), GFR (AUC = 0.811; 95% CI 0.723–0.899) 
and atrial fibrillation (AUC = 0.626; 95% CI 0.513–0.738) 
(Additional file  1, Figure S2c). The cut-off value of the 
ITIH5 level was 26.488 ng/mL, with a sensitivity of 83% 
and specificity of 67.5%, suggesting that it may be a 
potential ICM biomarker.

ITIH5 expression was up‑regulated after MI, expressed 
by fibroblasts, and localized to ECM
We used a mouse model of MI to further explore the bio-
logical functions of ITIH5 under ischaemic conditions. 
First, the dynamic alterations in the expression of ITIH5 
were clarified. The results suggested that ITIH5 protein 
(Fig. 2a) and mRNA (Fig. 2b) expression was upregulated 

in the acute phase (within 3 d) after MI, reached a peak 
7–14 d after MI, and remained high. Further, immuno-
fluorescence detection was performed in mouse heart 
tissue 7 d after MI, and the results indicated that ITIH5 
fluorescence intensity in the infarcted areas was signifi-
cantly increased, which coincided with the infarction 
areas shown by H&E and Sirius Red staining (Fig. 2c). To 
clarify the differences in ITIH5 expression between cell 
populations and their subcellular localisation, we first 
analysed the mouse scRNA-seq dataset. The results sug-
gested that ITIH5 was mainly expressed by fibroblasts in 
both normal and infarcted myocardium (Fig. 2d). ITIH5 
mRNA expression levels between CFs, cardiomyocytes 
and immune cells were further detected and verified the 
ITIH5 expression was significantly higher in CFs (Addi-
tional file  1, Figure S3a). Tissue immunofluorescence 
co-localization was further used to show that ITIH5 was 
co-located with collagen I rather than vimentin, confirm-
ing that ITIH5 was expressed by fibroblasts but eventu-
ally secreted into the ECM (Fig. 2e). Consistent with the 
phenomenon observed by Martin et al. [19], ITIH5 pro-
tein levels were significantly reduced after fibroblasts 
were treated with low trypsin concentrations prior to 
lysis. We also detected a small amount of ITIH5 protein 
in the supernatant of the cell culture medium, which was 
significantly reduced compared to that in the original cell 
lysate (Fig. 2f ). In vitro immunofluorescence co-localiza-
tion demonstrated that ITIH5 mainly distributed around 
the cell border (Additional file  1, Figure S3b). These 
in vitro results suggested that most of the ITIH5 detected 
in the whole-cell lysate was extracellular and attached to 
the cell surface, rather than being distributed freely in the 
culture supernatant.

ITIH5 exacerbates fibrotic remodelling after MI
To further elucidate the biological function of ITIH5, 
AAV9-pPOSTN-shITIH5 was used to inhibit ITIH5 
expression in the CFs. Based on temporal changes in 
ITIH5 protein expression, two different time points were 
selected to observe the effects of ITIH5 downregula-
tion on the risk of death, cardiac function, tissue mor-
phology, and biological function of mice after MI: 7 d 
(reparative phase) and 28 d (mature phase). First, AAV 
treatment significantly knocked down ITIH5 expression 
in infarcted cardiac tissues (Additional file 1, Figure S4). 
Although ITIH5 downregulation did not significantly 
alter the mortality rate within 28 d after MI in mice, it 
did significantly increased mortality within 7 d after MI 
in mice (Fig.  3a). Echocardiography results suggested 
that ITIH5 downregulation improved long-term (28 
d) cardiac function in mice after MI to a certain extent, 
which manifested as reduced LVIDd and mild remis-
sion of LVEF and LVFS (Fig. 3b). In line with this, ITIH5 
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downregulation significantly reduced serum NT-proBNP 
levels in the mature phase (28 d) after MI (Fig.  3c). 
Although H&E staining indicated that ITIH5 downregu-
lation did not ameliorate the infarcted area or ventricu-
lar wall thickness in mice after MI (Fig.  3d), Masson’s 
trichrome staining indicated that ITIH5 downregulation 

significantly inhibited the degree of cardiac fibrosis in 
mice at all phases after MI (Fig. 3e).

Further studies are needed to evaluate the role of ITIH5 
in fibrotic remodelling after MI. First, we evaluated the 
apoptosis and proliferation of CFs in the mature phase 
after MI. The results indicated that there were more 

Fig. 2  ITIH5 expression was up-regulated after MI, expressed by fibroblasts, and localized to ECM. a The temporal changes of ITIH5 protein 
expression in the cardiac tissue after MI (left: western blot, right: statistical graph) (n = 4). b The temporal changes of ITIH5 mRNA expression levels 
in cardiac tissue after MI (n = 4). c Representative immunofluorescence images of ITIH5 in the infarction areas 7 d after MI and the H&E and Sirius 
Red staining images of the corresponding tissue samples. d tSNE map and ITIH5 expression level distribution of cardiac tissue of Sham and MI 
model mice. e Immunofluorescence co-localization of ITIH5 and vimentin or ITIH5 and collagen I in cardiac tissue. f Representative western blot 
of ITIH5 and collagen I protein expression levels in normal fibroblasts and trypsin-treated fibroblast culture medium supernatants. Data presented 
as mean ± SD.*, P < 0.05; **, P < 0.01
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TUNEL-positive and less Ki67-positive CFs in the infarct 
area of the ITIH5 KD mice (Fig. 3f ). These results suggest 
that ITIH5 downregulation inhibits CFs proliferation 
and promotes CFs apoptosis. In addition, downregula-
tion of ITIH5 expression had no significant effect on post 
MI angiogenesis (Fig.  3f ). In addition, western blotting 
was used to detect CFs activation status in the infarction 
area at the reparative phase after MI, as fibroblasts began 
to activate and remain active 3–7 d after MI [5]. These 
results suggest that collagen synthesis and myofibroblast 
transdifferentiation in ITIH5 KD mice were significantly 
weakened (Fig.  3g). Overall, we observed that ITIH5 
downregulation significantly improved cardiac func-
tion after MI but had no significant effect on infarct size. 
Furthermore, ITIH5 downregulation primarily inhibited 
fibrotic activation during the repair phase, increased 
fibroblast apoptosis, and inhibited proliferation during 
the maturation phase after MI.

ITIH5 promotes CF proliferation, migration, and cell 
survival rather than activation
In vivo experiments suggested that ITIH5 has a wide 
range of regulatory effects on the entire stage of fibrosis 
after MI. We validated the direct regulatory function of 
ITIH5 in CFs in vitro. First, CFs were treated with Ang 
II or hypoxia for 24 h, respectively, and the mRNA and 
protein expression levels of ITIH5 were detected. These 
results suggested that both Ang II and hypoxia induced 
the upregulation of ITIH5 mRNA (Fig.  4a) and protein 
expression (Fig.  4b). Similar conclusions were obtained 
by immunofluorescence detection (Additional file 1, Fig-
ure S5a). To further clarify the function of ITIH5 in CFs, 
we used siRNA to inhibit ITIH5 gene expression or len-
tivirus to overexpress ITIH5. Both siRNA and lentivirus 
stably inhibited or increased ITIH5 expression in fibro-
blasts (Fig.  4c and Additional file 1, Figure S5b). Subse-
quently, we examined whether ITIH5 downregulation 
or overexpression affected CFs activation. Western blot 
analysis indicated that both ITIH5 downregulation and 
overexpression altered only the expression of collagen 
III (Fig. 4c and Additional file 1, Figure S5b). Collagen I, 
the most important component of ECM and α-SMA, a 
marker of myofibroblasts, showed no significant changes 

under altered ITIH5 expression levels (Fig. 4c and Addi-
tional file  1, Figure S5b). ITIH5 has limited ability to 
directly regulate fibroblast activation, collagen synthesis, 
and myofibroblast transformation.

As ITIH5 is considered a potential matricellular pro-
tein, it may play a regulatory role in cell proliferation, 
migration, and cell survival [10, 11] which was identified 
in our mouse experiments; however, this has not been 
described in detail in previous studies. Further stud-
ies are required to verify the matricellular function of 
ITIH5 in  vitro. As hypothesised, the results suggested 
that ITIH5 overexpression promoted the regeneration of 
a large number of undifferentiated fibroblasts (Additional 
file  1, Figure S6a). Subsequently, qRT-PCR confirmed 
that ITIH5 overexpression promoted the expression of 
collagen III and proliferation markers, such as Ki67 and 
PCNA (Additional file  1, Figure S6b). Similarly, results 
using the CCK8 assay showed that ITIH5 downregula-
tion reduced the number of fibroblasts (Fig.  4d), and 
EdU staining confirmed that ITIH5 downregulation sig-
nificantly inhibited the proliferation of CFs (Fig.  4e). In 
contrast, ITIH5 protected the survival of CFs under 
serum-free conditions, as manifested by ITIH5 down-
regulation increased cleaved caspase 3 and Bax protein 
expression levels (Fig. 4f ), and increased the proportion 
of apoptotic cells (Fig. 4g). Finally, we examined whether 
ITIH5 could regulate CFs migration. The results sug-
gested that ITIH5 downregulation significantly inhibited 
Ang II-induced CF migration (Fig. 4h).

ITIH5 regulates macrophage function during the reparative 
phase after MI
In vitro experiments revealed a limited regulatory func-
tion of ITIH5 in CFs activation which was inconsistent 
with the significant fibrotic response observed in  vivo, 
suggesting that ITIH5 may indirectly regulate post MI 
fibrosis through other pathways. We thus conduct mRNA 
sequencing on the mice infraction myocardium of each 
group at 7 days after MI. A total of 380 DEGs were con-
firmed (Fig. 5a). GO enrichment demonstrated that DEGs 
were enriched in ‘positive regulation of ERK1 and ERK2 
cascade’, ‘myeloid leukocyte migration’, ‘chemokine-medi-
ated signaling pathway’, ‘granulocyte migration’, ‘cytokine 

(See figure on next page.)
Fig. 3  ITIH5 exacerbates fibrotic remodelling after MI. a Survival curves of mice in the WT and ITIH5 knockdown groups within 7 and 28 d after MI. 
b Representative echocardiography images of mouse heart and statistics analysis of LVEF, LVFS and LVIDd in the WT and ITIH5 knockdown groups 
28 d after MI. c The statistical analysis of NT-proBNP in the WT and ITIH5 knockdown groups 7 and 28 d after MI. d Representative H&E staining 
images and statistical analysis of infarction area size and ventricular wall thickness in the WT and ITIH5 knockdown mice 7 and 28 d after MI. e 
Representative Masson’s trichrome staining images and statistical analysis of fibrosis area size in the WT and ITIH5 knockdown mice at 7 and 28 d 
after MI. f Immunofluorescence or immunofluorescence co-localization of (i) cTnI and Tunel, (ii) vimentin and Ki67, and (iii) CD31 in WT and ITIH5 
knockdown groups 7 d after MI. g Representative western blots and statistical analysis of collagen I and α-SMA protein expression levels in the WT 
and ITIH5 knockdown groups 7 d after MI. Data presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001
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Fig. 3  (See legend on previous page.)
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activity’, ‘chemokine activity’, ‘Cytokine-cytokine receptor 
interaction’, and ‘Chemokine signaling pathway’, indicat-
ing enhanced immune cell chemotaxis, and Extracellular 
signaling transportation (Fig.  5b). Furthermore, GSEA 
analysis highlighted the inhibition of ‘Acute inflamma-
tory response’, and ‘Cytokine cytokine receptor inter-
action’ caused by ITIH5 downregulation (Fig.  5c). 
Previous studies have suggested that ITIH5 has a wide 
range of immune regulatory functions [20, 22]. How-
ever, no study has reported its immunological regula-
tion in the process of tissue repair after MI. Seven days 
after MI, at the most active stage of immune-mediated 
fibrosis repair, we detected major immune population 

changes between ITIH5 KD and WT mice. The results 
indicated that ITIH5 downregulation significantly inhib-
ited macrophage infiltration in the infarction area com-
pared to that of neutrophils and lymphocytes (Fig.  5d). 
Macrophages are the most important immune cell 
population in the myocardial tissue 7 d after MI, and 
ITIH5 protein levels reach their peak expression at that 
time [24]. Therefore, we performed qRT-PCR to detect 
macrophage-related genes and explore the functional 
changes in macrophages regulated by ITIH5. The results 
suggested that down-regulation of ITIH5 widely inhib-
ited macrophages differentiation and maturation (CD68, 
ADGRE1, CSF1R, ITGAM), phenotype transformation 

Fig. 4  ITIH5 promotes CFs proliferation, migration, and cell survival rather than activation. a ITIH5 mRNA expression levels in CFs under Ang II 
and hypoxia treatment. b Representative western blot and statistical analysis of ITIH5 protein expression levels in CFs under Ang II and hypoxia 
treatment. c Representative western blots and statistical analysis of collagen III, collagen I, α-SMA and ITIH5 protein expression levels in CFs 
under different treatments. d Cell counting of CFs under different treatments. e Representative images of EdU staining and statistical analysis of CFs 
under different treatments. f Representative western blots and statistical analysis of Bax, caspase 3, and cleaved-caspase 3 protein expression levels 
in CFs under different treatments. g Representative flow cytometry images and statistical analysis of CFs apoptosis under different treatments. h 
Representative images and statistical analysis of CFs migration under different treatments. Data presented as mean ± SD.*, P < 0.05; **, P < 0.01; ***, 
P < 0.001; ns, not significant
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Fig. 5  ITIH5 regulates macrophage function during the reparative phase after MI. a Volcano plot of DEGs. b GO and KEGG enrichment 
analyses of DEGs. c GSEA enrichment analyses of DEGs. d immunohistochemical staining of (i) F4/80, (ii) LY6G and (iii) CD3 in the WT and ITIH5 
knockdown groups 7 d after MI. e mRNA expression levels of macrophage-related genes in the WT and ITIH5 knockdown groups 7 d after MI. f 
Immunofluorescence co-localization of (i) F4/80 and CD206, (ii) F4/80 and OPN, (iii) F4/80 and CCR2 in the WT and ITIH5 knockdown groups 7 d 
after MI. g Representative western blots and statistical analysis of ARG1, CD206, and OPN protein expression levels in the WT and ITIH5 knockdown 
groups 7 d after MI. Data presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant
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(MRC1, ARG1, IFNγ, CLEC10A) and other cytokines and 
secreted proteins expression levels (SPP1, Gal3, CCL4, 
TNFα, IL1β, IL6) (Fig. 5e).

Immunofluorescence co-localization was used to ver-
ify the most differentially expressed genes. The results 
showed that ITIH5 downregulation significantly inhib-
ited the proportion of CD206 and OPN-positive mac-
rophages in the infarcted area (Fig. 5f ). A slight reduction 
in CCR2+ macrophages in the ITIH5 KD mouse infrac-
tion area (Fig.  5f ). Western blotting also verified that 
CD206, OPN, and ARG1 protein levels were down-
regulated in the infarcted areas of the ITIH5 KD mice 
(Fig. 5g). Overall, ITIH5 mediated extensive macrophage 
responses after MI.

ITIH5 promotes macrophages pro‑fibrotic phenotype 
transition by mediating fibroblast/macrophage crosstalk
In vivo experiments suggested that the ITIH5-regulated 
severe fibrotic response may be mediated by macrophage 
phenotype transformation. Therefore, we investigated 
the effect of ITIH5 on macrophage function by knocking 
down or overexpressing ITIH5 in macrophages. Western 
blotting and qRT-PCR were used to confirm the expres-
sion levels of significant DEGs detected in  vivo. The 
results indicated that CD206, OPN, ARG1, and CD68 
could be representative genes which were significantly 
up-regulated in Raw264.7 cells overexpressing ITIH5 
and downregulated in siRNA-treated BMDMs both at 
the mRNA and protein levels (Additional file 1, Figure S7 
and S8a, b). Further verification by FCM confirmed that 
ITIH5 KD inhibited the expression of the macrophage 
membrane receptor CD206 (Additional file  1, Figure 
S8c).

We previously found that CFs are the main cell types 
expressing ITIH5. Considering that ITIH5 is mainly 
distributed in the ECM and may be attached to the cell 
membrane and rarely distributed in the culture medium 
supernatant (Fig.  2f, Figure S3b), the Transwell-based 
co-culture model was not applicable in this study, such 
that a direct cell-to-cell interaction co-culture model was 
used to explore the effects of CFs-derived ITIH5 derived 
on macrophages. We constructed a co-culture model of 
direct cell–cell interactions (Fig.  6a). Surprisingly, CFs 
had a higher ITIH5 expression level than macrophages, 
which further increased in the fibroblast/macrophage 
co-culture system (Fig. 6b). Measurement of mRNA and 
protein levels of macrophage and CFs markers in the 
ITIH5-overexpressed fibroblast/macrophage co-culture 
model showed that ITIH5 derived from CFs enhanced 
macrophage maturation and promoted fibrotic pheno-
type transformation in the co-culture system (Fig. 6c, d). 
At the same time, collagen synthesis and myofibroblast 

differentiation potential were elevated in the co-culture 
system when ITIH5 was overexpressed (Fig. 6c, d).

The spatial structure has a crucial impact on the func-
tion of macrophages and fibroblasts [26]. Based on 
the 2D co-culture, this study also used a 3D co-culture 
model, which can further simulate the regulation of 
infiltration and interaction between macrophages and 
CFs (Fig.  6a). Based on previous studies, we selected 
a 3–4:1 fibroblast/macrophage ratio to construct a 3D 
spherical co-culture system [27, 28], which aggregated 
into clusters in the middle of the spheroid and was sur-
rounded by macrophages after 5–6 d, following addition 
of BMDMs (Additional file  1, Figure S9a). H&E stain-
ing of the co-cultured spheroids revealed two differ-
ent cell types (Additional file  1, Figure S9a). However, 
appropriate cell numbers and spheroid diameters can 
provide macrophages with sufficient space for infiltra-
tion and avoid cell death in the central spheroid due to 
hypoxia and nutrient deficiency. Therefore, different 
cell numbers were used to determine whether cell death 
occurred in the central spheroids. A total of 4000 cells/
well was determined as the initial cell number, as there 
was no significant difference within 5000 cells (Addi-
tional file 1, Figure S9b), the diameter of the spheroid was 
about 200 µm. H&E staining also revealed no significant 
necrotic cell cores in the spheroids (Additional file  1, 
Figure S9a). Later, the co-cultured cell spheroid was sub-
jected to immunofluorescent staining for CD68, CD206, 
ARG1, OPN and αSMA, which indicated that CD68-
positive monocytes/macrophages were more widely dis-
tributed in the centre and surrounding the cell spheroid, 
and the proportion of CD206- and ARG1-positive cells 
and the fluorescence intensity of OPN increased in the 
ITIH5 overexpression group (Fig. 6e). The proportion of 
αSMA-positive fibroblasts and fluorescence intensity also 
increased in the ITIH5 overexpression group (Fig. 6e).

ITIH5 mediates fibroblast/macrophage crosstalk via HA 
and CD44/STAT3 signal
Few studies have confirmed that ITIH5 stabilises the 
function of ECM HA in inflammatory environments; 
[19, 21] however, it remains unclear whether ITIH5 can 
mediate similar biological functions after MI. To deter-
mine whether ITIH5-mediated fibrotic remodelling after 
MI is dependent on HA, HABP was first used to detect 
the structural characteristics of HA in the infarction area, 
which suggested that ITIH5 downregulation further pro-
moted the disorder of HA arrangement in this region 
(Fig. 7a). Further in vitro experiments using the HA syn-
thase inhibitor 4-MU showed that 4-MU could reverse 
the pro-fibrotic phenotype of macrophages and CFs acti-
vation caused by ITIH5 overexpression in the co-culture 
system (Fig. 7b). HA is widely distributed in the ECM and 
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Fig. 6  ITIH5 promotes macrophages pro-fibrotic phenotype transition by mediating fibroblast/macrophage crosstalk. a Schematic illustration 
of the 2D and 3D co-culture system setup. b Representative western blot of ITIH5 protein in macrophages, fibroblasts, and the co-culture system. 
c mRNA levels of ITIH5 and other macrophage-related genes in the ITIH5 overexpression and control co-culture systems. d Representative western 
blots and statistical analysis of CD68, OPN, CD206, ARG1, Collagen I, and αSMA protein expression in the ITIH5 overexpression and control co-culture 
systems. e Representative immunofluorescence images of CD68, OPN, ARG1, and αSMA protein expression levels in the ITIH5 overexpression 
and control 3D co-culture systems. Data presented as mean ± SD. *, P < 0.05; **, P < 0.01

(See figure on next page.)
Fig. 7  ITIH5 mediates fibroblast/macrophage crosstalk via HA synthesis and CD44. a Immunofluorescence of HA of mice cardiac tissue in the WT 
and ITIH5 knockdown groups at baseline or 7 d after MI. b Representative western blots and statistical analysis of CD68, OPN, ARG1, CD206, collagen 
I, and αSMA protein expression levels in ITIH5 overexpression and control co-culture systems treated with different concentrations of 4-MU. c 
The interaction between ITIH5 and CD44 in different groups was determined by Co-IP. d Immunofluorescence images showing co-localization 
of ITIH5 and CD44 in the ITIH5 overexpression and control co-culture systems (arrows point to macrophages in co-culture system). e Representative 
western blots and statistical analysis of CD68, OPN, ARG1, CD206, collagen I, and αSMA protein expression levels in the ITIH5 overexpression 
and control co-culture systems treated with CD44-neutralizing antibody and isotype control antibody. f Representative western blots and statistical 
analysis of STAT3 and phospho-STAT3 proteins level in WT and ITIH5 knockdown mice 7 d after MI. g Representative western blots of STAT3 
and phospho-STAT3 protein expression levels in different groups showing the interaction between CD44 and total/phospho-STAT3 in different 
groups determined by Co-IP. h Immunofluorescence images of phospho-STAT3 of mice cardiac tissue in WT and ITIH5 knockdown groups 7 
d after MI. i Representative western blots and statistical analysis of CD68, OPN, ARG1, CD206, collagen I, and αSMA protein expression levels 
in different groups. Data presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; #, P < 0.05 (compared to the ITIH5 OE group), ## represents 
P < 0.001 (compared to the ITIH5 OE group); ns, no significant difference; OE, overexpression; PCC, Pearson correlation coefficient
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binds specifically to CD44. CD44 is distributed in various 
cell membranes, such as those of macrophages and fibro-
blasts, and HA promotes macrophage/myofibroblast-
mediated fibrosis by binding to CD44 on macrophages 

[29, 30]. To clarify how ITIH5 transduces extracellular 
signals into macrophages, it is necessary to further exam-
ine the relationship between ITIH5 and CD44. First, cell 
lysates from ITIH5 overexpression and control co-culture 

Fig. 7  (See legend on previous page.)
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systems were subjected to immunoprecipitation with an 
ITIH5 antibody, and the expression levels of ITIH5 and 
CD44 were detected in the lysates and immunoprecipi-
tates, respectively. The results indicated that the ITIH5 
protein expression level was significantly increased in the 
ITIH5 overexpression co-culture system, whereas CD44 
expression level was not significantly changed. However, 
upregulation of ITIH5 significantly promoted its binding 
to CD44, and inhibition of HA synthesis weakened ITIH5 
and CD44 binding ability (Fig. 7c). Similarly, immunoflu-
orescence was used to label ITIH5 protein and the CD44, 
which suggested that ITIH5 and CD44 were co-localised 
around the cell membrane, and the degree of co-localisa-
tion increased with the upregulation of ITIH5 expression 
(Fig.  7d), and similar phenomenon was observed in the 
myocardial infarction area (Additional file 1, Figure S10). 
Finally, we used CD44-neutralizing antibodies to treat 
the ITIH5 overexpressed co-culture system. The results 
showed that blocking CD44 signalling inhibited ITIH5-
mediated macrophage differentiation, profibrotic pheno-
type transformation, and CFs activation (Fig. 7e).

These experiments confirm that ITIH5 affects mac-
rophage function by affecting HA and CD44 signal 
transduction. Therefore, it is necessary to elucidate the 
specific downstream signalling pathways of CD44 in 
macrophages affected by ITIH5. Previous studies have 
reported that the STAT3 signalling pathway, a key signal-
ling pathway downstream of CD44, is activated during 
the inflammatory state [31]. Therefore, we first measured 
the levels of phospho-STAT3 in mouse tissues after MI. 
Western blotting and tissue immunofluorescence indi-
cated that the level of phospho-STAT3 in macrophages 
in the myocardial tissue was significantly decreased in 
ITIH5 KD mice (Fig.  7f, h). To further clarify whether 
there is a direct interaction between the CD44 and 
STAT3 pathways, we used a CD44 neutralisation anti-
body to inhibit CD44 activation and then detected the 
interaction between CD44 and STAT3 protein and the 
activation state of the STAT3 signalling pathway in the 
co-culture system. These results suggest that blocking 
CD44 can reverse STAT3 phosphorylation level caused 
by ITIH5 overexpression, which is regulated by its direct 
interaction with CD44. Thus, blocking CD44 inhibits 
the ability of ITIH5 to activate STAT3 protein, demon-
strated by a reduction in phospho-STAT3 level (Fig. 7g). 
However, ITIH5 did not directly bind to STAT3 protein 
(Figure S11a), confirming that ITIH5-mediated phos-
phorylation of STAT3 is dependent on CD44. Finally, the 
STAT3 inhibitor Stattic was used to treat the co-culture 
system, and the results confirmed that the inhibition of 
STAT3 activation could inhibit ITIH5-mediated mac-
rophage differentiation, profibrotic phenotype transfor-
mation, and CFs activation (Fig. 7i, Figure S11b).

Discussion
ITIH5 is a novel ECM protein which is significantly 
elevated in the myocardium under ischaemic condi-
tions. We conducted studies in patients, animals, and 
cultured cells to address the impact of ITIH5 on the 
pathogenesis of cardiac fibrotic remodelling and fibro-
blast-macrophage crosstalk after MI. Specifically, ITIH5 
can be used as a molecular marker in the myocardium 
and peripheral blood of patients with ICM with satisfac-
tory diagnostic value. In addition, ITIH5 expression was 
upregulated in the infarcted area after MI and localised 
to the ECM, promoting macrophage profibrotic pheno-
type transformation, and eventually exacerbating fibrotic 
remodelling after MI. Mechanistically, ITIH5 can bind 
to CD44 on macrophages, which mainly depends on the 
presence of HA, thereby activating macrophage STAT3 
signalling and promoting profibrotic phenotype transfor-
mation (Fig. 8).

Determination of ITIH5 levels in the peripheral blood 
of patients with ICM provides a possibility for clini-
cal translation. In this study, ITIH5 was proven to be an 
independent risk factor for ICM, although ITIH5 levels 
can also be affected by risk factors other than cardiac 
function, such as BMI and CRP. Previous studies have 
indicated that the adipose tissue is one of the organs with 
the highest ITIH5 expression levels, and that its expres-
sion increases in people with obesity and is highly posi-
tively correlated with BMI [16, 22]. In addition, ITIH5 
can further regulate the process of lipid differentiation; 
however, its specific regulatory functions and mecha-
nisms remain controversial [16, 22]. The CRP levels in 
the peripheral blood are closely related to ITIH5. In addi-
tion, ITIH5 regulates inflammatory reactions, including 
inhibition of pro-inflammatory factors such as TNF-
α, IL6, and MCP1 [16, 22], and improves the excessive 
inflammatory response of inflammatory skin diseases 
[20]. Interestingly, the ITIH5 levels did not show a ten-
dency toward further elevation with the deterioration of 
cardiac function and decrease in LVEF, indicating that 
the ITIH5 level in the peripheral blood can be used as an 
evaluation index for early heart failure, but cannot deter-
mine the severity. Compared to HFrEF, HFpEF is more 
susceptible to systemic inflammation and secondary car-
diac fibrosis [32]. The elevation of ITIH5 may represent a 
hallmark of abnormal immune response and fibrosis acti-
vation. However, extremely abnormal body weight can 
conceal the upregulation of ITIH5 levels associated with 
moderate and severe cardiac dysfunction to a certain 
extent, because moderate and severe cardiac dysfunction 
is often accompanied by decreased appetite, nutritional 
disorders, and even dyscrasia. This also suggests that the 
interference caused by systemic inflammation and body 
weight (especially abdominal obesity) should be fully 
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considered when using peripheral blood ITIH5 levels to 
evaluate heart function.

In this study, we revealed that ITIH5, which is mainly 
expressed by CFs and distributed in the ECM as a 
secreted protein, was upregulated shortly after MI. Yang 
et  al. also revealed that ITIH5 was mainly expressed 
in fibroblasts especially proinflammatory fibroblasts 
by scRNA sequencing [23]. This is consistent with the 
standard characteristic features of matricellular proteins 
[10]. It is worth noting that, similar to most matricellu-
lar proteins [10, 11], ITIH5 promoted fibrosis repair to 
a certain extent in the acute phase and reduced the risk 
of death due to malignant complications after MI. How-
ever, sustained upregulation of ITIH5 promoted reverse 
cardiac remodelling. Further studies on the regulatory 

function of ITIH5 in fibroblasts reported that ITIH5 can 
promote proliferation, migration, and cell survival, con-
sistent with the matricellular protein feature of promot-
ing the semi-adhesion state that activates survival signals 
[9, 10]. However, in this study, we did not explore spe-
cific cell adhesion and cell survival signalling pathways. 
Based on these two features, we concluded that ITIH5 
is a matricellular protein that regulates cardiac repair 
after MI to a certain extent. Nevertheless, it is unclear 
whether ITIH5 function is dependent on matricellular 
protein signatures, since truncated ITIH5, which has 
lost its N-terminal secretory sequence, can also regulate 
intracellular signalling to inhibit the hepatic metastasis of 
pancreatic ductal cell carcinoma [14]. In addition, ITIH5 
can bind directly to the transcription factor KLF4 [15], 

Fig. 8  Schematic illustration of ITIH5-mediated fibroblast–macrophage crosstalk exacerbates cardiac remodelling after MI. In myocardial tissue, 
ITIH5 expression is upregulated after MI and is localised to the ECM, regulating ECM-macrophage-fibroblast signalling network interaction thereby 
promoting macrophage profibrotic phenotype transformation, CFs activation and cardiac remodelling. In addition, highly expressed ITIH5 can be 
secreted into the peripheral blood and act as a biomarker in patients with ICM. In terms of mechanism of action, ITIH5 activates the CD44 receptors 
on the surface of the macrophage cell membrane in a hyaluronan-dependent manner and activates the macrophage STAT3 signalling pathway, 
promoting profibrotic phenotype transformation
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demonstrating its ability to regulate biological functions 
through non-ECM mechanisms.

In addition, we observed a significant inhibition 
of fibrosis in mice with ITIH5 knockdown; however, 
in vitro intervention of ITIH5 expression in CFs had no 
significant effect on collagen synthesis or myofibroblast 
transformation. Subsequent in  vivo and in  vitro experi-
ments showed that ITIH5 has significant effects on 
macrophage infiltration, maturation, and phenotypic 
transformation, which may indirectly promote fibrosis. 
Traditional macrophages include classically activated 
(M1) and alternatively activated (M2) macrophages. 
The currently recognised cardiac macrophage cluster-
ing method mainly divides mouse cardiac macrophages 
into CCR2-MHCIIlow TIMD4+ LYVE1+, CCR2-MHCIIhi, 
and CCR2+MHCIIhi [33, 34]. Although macrophages 
show strong pro-inflammatory features one day after 
MI, the macrophage expression repair phenotype seven 
days after MI does not fully express the markers of either 
M1 or M2 [3]. Compared to M1 macrophages, M2 mac-
rophages have a stronger potential to promote fibrosis 
[35]. Accordingly, the newly defined macrophage sub-
sets expressing TREM2, CD9, SPP1, GPNMB, FABP5, 
and CD63 are considered to have a strong potential to 
promote fibrosis [36]. Among these, TREM2 and SPP1, 
which are expressed by macrophages, have been widely 
reported to be closely related to fibrosis [37–41]. In 
addition, recruited macrophages also upregulate typical 
"M2" genes that are normally expressed in resident mac-
rophages, such as CD206 and ARG1 [34]. Interestingly, 
CCR2+ macrophages having high expression signature of 
CD206, ARG1, TGF-β, PDGF and OPN, can significantly 
promote fibrotic remodelling after injury [38, 42]. In this 
study, we selected three signature genes, OPN, ARG1 
and CD206, to characterize the ability of macrophages 
to promote fibrosis, and observed that ITIH5 promoted 
the expression levels of OPN, ARG1 and CD206 genes 
in macrophages. Concurrently, it was observed that the 
proportion of CCR2+ macrophages decreased in mice 
with ITIH5 knockdown in cardiac tissue confirming that 
ITIH5 can promote the recruitment of monocyte-derived 
macrophages after MI.

Recently, significant progress has been made in under-
standing the mechanism of fibroblast–macrophage 
interaction [43, 44]. In this study, we explored the 
ITIH5-mediated fibroblast–macrophage crosstalk using 
a co-culture system, which suggested that fibroblast–
macrophage interactions further upregulated ITIH5 
expression. ITIH5 overexpression in fibroblasts can also 
enhance macrophage profibrotic transformation and 
fibroblast activation, suggesting that ITIH5 can act as a 
positive feedback regulator of fibroblast–macrophage 
crosstalk.

Subsequent experiments showed that HA and its 
receptor CD44 play an important role in ITIH5-medi-
ated regulation of macrophage function. HA provides an 
incompact ECM that promotes cell movement. Moreo-
ver, it transmits signals to cells via receptors such as 
CD44 and RHAMM. HA significantly affects immune 
response and fibroblast activation during ECM repair 
in a variety of cardiovascular diseases, including inti-
mal hyperplasia, atherosclerosis, MI, and myocardial 
ischaemia–reperfusion injury [45–48]. In this study, we 
observed that the HA arrangement in the infarction area 
of mice with ITIH5 knockdown was more disordered 
than that in WT mice, and that 4-MU inhibited the mac-
rophage profibrotic phenotype and fibroblast activation 
caused by ITIH5 overexpression. In an inflammatory 
environment, the polymer HA decomposes into low-
molecular-weight HA fragments, which accumulate in 
inflammatory tissues. We observed that ITIH5 stabilised 
HA in the ECM. However, it is still unclear whether the 
HA stabilisation function of ITIH5 depends on bikunin-
mediated heavy chain (HC) transfer because previous 
studies have revealed that ITIH5 and bikunin have differ-
ent expression patterns in myocardial tissue [16]. Moreo-
ver, HC can undergo ECM modification independent of 
bikunin [49], and ITIH5 may bind to an unknown pep-
tide or simply exist alone to stabilise HA in the ECM.

Similarly, this study confirmed that ITIH5 overex-
pression promotes its binding to CD44, and 4-MU 
treatment weakens this binding. Previous studies have 
reported that ITIHs promote adhesion of CD44-pos-
itive cells to HA [50]. Moreover, the function of mac-
rophages and fibroblasts regulated by ITIH5 is closely 
related to CD44 because blocking CD44 significantly 
inhibits macrophage maturation and fibrotic phenotype 
transformation. However, it remains unclear whether 
ITIH5 can directly bind to CD44 or co-form an ECM 
complex with HA. Finally, activation of the STAT3 sig-
nalling pathway appears to be related to the binding 
ability of ITIH5 to CD44, as we revealed that blocking 
CD44 inhibits ITIH5 up-regulated STAT3 signalling 
activation. STAT3 is at the crossroads of multiple sig-
nalling pathways that regulate pro-inflammatory, anti-
inflammatory, and macrophage-mediated tissue repair. 
STAT3 promotes macrophage M2 polarization in vari-
ous cardiac disease models [51, 52]. In addition, STAT3 
plays a role in macrophage-mediated cardiac repair 
after MI, mainly through IL10–STAT3–Gal3 signalling 
to promote CD206hi macrophages to secrete OPN [38]. 
In addition, various membrane receptors are respon-
sible for transmitting extracellular signals that activate 
the STAT3 pathway. In this study, ITIH5 enhanced 
the binding of CD44 to STAT3, which was reversed by 
blocking CD44. Furthermore, STAT3 inhibition could 
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reverse the macrophage profibrotic phenotype and 
fibroblast activation caused by ITIH5 overexpression in 
the co-culture system.

There are some limitations in our study. First, 
expanded clinical statistics including follow-up data 
need to be collected to evaluate the diagnostic and 
prognostic value of peripheral blood ITIH5 levels 
in patients with ICM. Second, ITIH5 knock-out or 
trans-genetic mice are needed to further illustrate the 
biological function of ITIH5 due to potential off-tar-
get effects or the specificity of the AAV used. Finally, 
detailed mechanism including how ITIH5 regulate the 
HA fuction and interact with CD44 receptor remains 
unknown and whether there are other extracellular 
matrix proteins that can also bind to ITIH5 to perform 
biological functions. However, our study highlights the 
crosstalk between CFs and macrophages during cardiac 
remodelling after MI in which ITIH5 plays a prominent 
role. Moreover, ITIH5, as a novel matricellular protein, 
could be applied in the biomaterials field to promote 
myocardial repair in acute phase after MI.

Conclusion
In summary, we demonstrated that ITIH5, which is 
markedly activated in ischaemic myocardial tissue, can 
be secreted into the peripheral blood as a blood bio-
marker in patients with ICM. Moreover, ITIH5 could 
regulate ECM–macrophage–fibroblast interactions 
and promote fibrotic remodelling after MI by promot-
ing macrophage profibrotic phenotype transformation 
through binding to CD44 on the surface of the mac-
rophage cell membrane through an HA-dependent 
pathway and then activating the STAT3 signalling path-
way. Altogether, ITIH5 could be an ECM modulator for 
treating fibrotic remodelling after MI and other inflam-
mation- and fibrosis-related cardiovascular diseases.
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