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Abstract Myocardial fibrosis (MF) is a common pathological hallmark of cardiovascular diseases,

reflecting shared mechanisms in their progression. However, the lack of reliable MF models that

accurately mimic its pathogenesis has hindered drug discovery, highlighting the urgent need for

more effective therapeutic agents. Herein, a novel contractile three-dimensional (3D) myocardial tis-

sue model integrating cardiomyocytes, cardiac-fibroblasts, and bone marrow-derived macrophages

in collagen hydrogel was developed to simulate the fibrotic changes of cardiovascular disease,

and facilitate the screening of anti-MF compounds. The 3D myocardial tissue model exhibited pre-

cise, visualizable, and quantifiable contractile characteristics under hypoxia and drug interventions.

76 compounds extracted from the resins of Toxicodendron vernicifluum, a traditional Chinese med-

icine with clear clinical benefits for fibrotic diseases, were screened for anti-fibrotic activity. Using
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an in vitro 3D oxygeneglucose deprivation (OGD)-treated myocardial tissue model instead of a two-

dimensional transforming growth factor-b treated cardiac-fibroblasts model, two candidates

including LQ-40 and SQ-3 exert impressive anti-MF activity, which was further validated in left

anterior descending coronary artery ligation-induced MF mouse model. The current results demon-

strate the feasibility and advantage of the novel contractile 3D tissue model with multi-cell types in

discovering candidates for MF, further stressing the great potential of regulating macrophages in the

treatment of MF.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

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

1. Introduction

Persistent excessive myocardial fibrosis (MF) represents the final
pathological stage of cardiovascular diseases, posing an increasing
threat to global health1. MF is defined by anomalous fibroblast
proliferation and elevated extracellular matrix deposition, which
leads to increased rigidity and diastolic dysfunction. This, in turn,
results in functional cardiomyocyte (CMs) death, macrophage
infiltration, and heart failure2. Current treatments for MF involve
enhancing myocardial relaxation, oxygen utilization, and micro-
circulation while decreasing the release of cytokines linked to
fibrosis in the microenvironment. Nevertheless, no ideal drugs are
currently available for MF, accentuating the urgency for new
efficient therapies that can prevent or improve MF3.

The absence of predictive MF pathogenic models poses sig-
nificant challenges in developing anti-MF treatments4,5. Currently,
two-dimensional (2D) CFs (involving only one cell type of cardiac
fibroblast) cultures with specific stimulation, such as transforming
growth factor-b (TGF-b), are commonly used as in vitro MF
models6,7. However, the 2D culture of CFs is limited in its ability
to resemble the process of fibrosis development due to the lack of
cellematrix interactions and crosstalk with other essential cell
types, including CMs and macrophages. As a result, 2D models
often yield high false-positive or false-negative rates, leading to
inefficient drug screening. Engineering three-dimensional (3D)
cultures using different cell sources and biomaterials provided
excellent potential for emulating in vivo microenvironments,
producing self-organized cell structures in vitro8,9. While stem
cell-derived cardiac organoid models exhibit remarkable devel-
opmental and contractile properties, they require over 10 days to
mature before being suitable for drug screening. Additionally,
prolonged differentiation often results in immature or heteroge-
neous phenotypes, which can introduce variability in drug
responses10. Moreover, stem cell-based organoids’ implementa-
tion difficulties and exorbitant expenses have restricted their
further applications in high-throughput drug screening. Hence, an
MF model with multi-cell types that is easily accessible is ur-
gently needed. Growing research has inspired more and more
focus on monocytes and macrophages in fibrosis development11.
Therefore, macrophage-consisting 3D myocardial tissue possesses
high levels of clinical replicability and is easy to manage for
reliable screening of candidates with anti-fibrosis activity.

The resins of T. vernicifluum, a traditional Chinese medicine,
originate from the resin stored in the phloem of lacquer trees
and secreted when damaged by external stimuli due to its self-
injury-repair mechanism characteristics12. Current studies
have proved that T. vernicifluum has multi-pharmacological

effects such as anti-inflammation, antioxidation, and promoting
blood circulation13-15, and is widely used in treating fibrotic
diseases16-18. Therefore, compounds in T. vernicifluum provide a
natural library of candidates for the treatment of MF.

Herein, a 3D fibrosis model of myocardial tissue was pioneered
by integrating multi-cell types, i.e., primary CMs, CFs, and bone-
marrow-derived macrophages (BMDMs). The cell types and
proportions are in precise control with good stability, high sensi-
tivity, and a short cultivation period, which fits the drug screening.
Collagen was incorporated as a supportive hydrogel to facilitate
the contractile phenotype in response to activated fibroblasts, and
a visualized readout for candidates screening19,20. After estab-
lishing the 3D fibrosis model of myocardial tissue under hypoxia,
76 compounds extracted from T. vernicifluum were screened for
anti-cell proliferation and anti-3D myocardial tissue contraction.
After evaluation using both classic 2DeTGF-beCFs and 3D
myocardial tissues, representative compounds with anti-MF
capabilities were subsequently validated using mice subjected to
left anterior descending coronary artery (LAD) ligation, demon-
strating that the 3D myocardial tissues offer improved accuracy
for phenotypic screening of anti-MF candidates (Fig. 1). Finally, a
novel clinic-relevant, sensitive, quantifiable, content-defined, and
visualizable 3D myocardial tissue was established. Furthermore,
two bioactive compounds exhibiting potent anti-fibrotic effects
were identified as promising drug candidates for MF therapy.

2. Materials and methods

2.1. Animals and ethics statement

All experiments involving animals were conducted in accordance
with the ethical standards set out by the Animal Ethics
Committee of Beijing University of Chinese Medicine (Approval
No. BUCM-2023041103-2014) and in compliance with the
“Guidelines for the Care and Use of Laboratory Animals”
published by the National Institute of Health (NIH Publication No.
Resolution No. 85-23, revised 1996). Sixty healthy male Institute
of Cancer Research mice (28 � 2 g, 8-week-old), 20 healthy
SpragueeDawley (SD) rats (1e3-day-old), and 20 healthy SD rats
(10-day-old) of specific pathogen-free grade were obtained from
Beijing Spefo Technology Co. (Beijing, China). The feeding
conditions for the mice were 12 h lightedark cycle, humidity of
55 � 5%, constant temperature of 25 �C, and adaptive feeding for
3 days before the experiments. Animals were humanely killed as
needed to reduce suffering and were not fed the night before they
were killed.
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2.2. Drugs

The resins of T. vernicifluum were collected from Anguo City,
Hebei Province, China. The sample (No. GQ201909) is stored in
the specimen bank of the Center for Modern Research of Tradi-
tional Chinese Medicine, Peking University.

Extraction and separation process: a total of 50.3 kg of the resins
of T. vernicifluum was extracted 3 times with 95% ethanol under
reflux for 2 h each time. The combined filtrate was concentrated
under reduced pressure to yield 2.2 kg of crude extract. This extract
was suspended in water and successively partitioned 3 times with
petroleum ether, ethyl acetate, n-butanol, andwater, yielding 1123 g
of petroleum ether extract, 780 g of ethyl acetate extract, 77 g of
n-butanol extract, and 185 g of aqueous extract. Using column
chromatography and spectroscopic techniques, 76 compounds were
isolated and identified from the petroleum ether and ethyl acetate
fractions for further bioactivity screening.

For screening, the isolated compounds were dissolved in
dimethyl sulfoxide to prepare a 20 mmol/L stock solution, which
was further diluted with culture medium before use. In the treat-
ment of mice with LAD ligation, compounds were suspended in
sodium carboxymethyl cellulose and administered orally at a dose
of 10 mg/kg.

Fosinopril (Shi Guibao Pharmaceutical, Shanghai, China), a
prescription drug used for treating heart failure and hypertension,
was used as a positive drug in this animal study at a concentration
of 10 mg/kg.

2.3. Reagents

Reagents used in this research included papain (Sigma, St. Louis,
MO, USA), recombinant rat macrophage colony stimulating factor

(M-CSF, Novoprotein, Suzhou, China), recominant human TGF-b
(Peprotech, Cranbury, NJ, USA), SB431542 (Selleck, Houston,
TX, USA), minimum essential medium (MEM, HyClone, Cleve-
land, OH, USA), fetal bovine serum (FBS, Corning, New York,
NY, USA), phosphate buffered saline (PBS, Gibco, Carlsbad, CA,
USA), penicillin/streptomycin solution (Gibco), 0.25%
trypsineEDTA (Gibco), calcein-AM (Amresco, Radnor, PA,
USA), propidium iodide (PI, Biofount, Beijing, China), Hoechst
33342 staining solution for live cells (Hoechst 33342, Beyotime,
Shanghai, China), bovine serum albumin (Absin, Shanghai,
China), Triton X-100 (Biosharp, Tianjin, China), 1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI, Beyo-
time), radio immunoprecipitation assay (Applygen, Beijing,
China), bicinchoninic acid (BCA, Applygen), TRIzol reagent
(Ambion, Austin, TX, USA), diethylpyrocarbonate (DEPC) water
(Invitrogen, Carlsbad, CA, USA), SYBR Green Master (Invi-
trogen), cell counting kit-8 (CCK-8, Dojindo, Tokyo, Japan), and
paraformaldehyde (PFA, Aladdin, Shanghai, China).

2.4. Isolation and culture of primary cells

Primary CMs and CFs were isolated from 1e3-day-old SD rats.
The shredded myocardial tissue was digested with 0.15% papain
in water at 37 �C. CFs were separated from CMs by differential
adhesion for 90 min. CMs and CFs were cultured in MEM sup-
plemented with 10% FBS in a humidified incubator with 5%
carbon dioxide (CO2) at 37

�C. CFs in passages 2e5 were used for
further experiments.

For the isolation of BMDMs, 10-day-old SD rats were initially
sterilized in beakers containing 75% ethanol for 1 min. The tibiae
and femurs of the rats were separated on ice and the bone marrow
was squeezed into a solution containing 1 mL of MEM

Figure 1 Experimental schematic of the construction and application of the contractile 3D myocardial tissue. Schematic of isolation of cardiac

fibroblasts (CFs), bone-marrow-derived macrophages (BMDMs), and cardiomyocytes (CMs) from neonatal rats. Cocultured CFs, CMs, and

BMDMs were encapsulated in collagen hydrogel and formed 3D myocardial tissue under hypoxic conditions. CFs were cultured on conventional

two-dimensional (2D) plates and used as a fibrosis model upon TGF-b treatment. 3DeOGDeMF and 2DeTGF-beCFs were used to screen 76

compounds extracted from the resins of T. vernicifluum. Compounds with anti-fibrotic activity based on the contraction of the 3D-oxygen-glucose

deprivation (OGD)-MF and proliferation of 2DeTGF-beCFs were classified into 3Dþ group and 2Dþ group, respectively. Compounds from

2Dþ3De, 2De3Dþ, and 2Dþ3Dþ groups were subjected to mice with left anterior descending coronary artery (LAD) ligation for further vali-

dation. After 2-week of administration of specific compounds, mouse hearts were analyzed for function and organization.
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supplemented with 10% FBS, 1% penicillin/streptomycin solu-
tion, and M-CSF at a concentration of 10 mg/mL. Subsequently,
the erythrocyte lysis solution was added and the mixture was
incubated at 4 �C for 10 min, before being centrifugated at
1000 rpm (1-15K, Sigma, Osterode am Harz, Germany) for 5 min.
The pellet was resuspended in MEM and transferred to a T-25
culture flask. After 1 h, the supernatant was collected and trans-
ferred to another T-25 culture flask, with the medium solution in
the latter renewed halfway through the incubation period.

For hypoxia culture, the cells were maintained in a tri-gas
incubator with 1% oxygen, 5% CO2 and 94% nitrogen.

2.5. Preparation of collagen hydrogels

The tails were split from SD rats and sterilized in 75% ethanol for
2 h. The silky silver tendon was dissolved in 0.1% acetic acid by
stirring at 4 �C for 2 days. After centrifugation at 16,000�g for
90 min, collagen in the upper clear solution was reserved for
further experiments.

Before cell seeding, collagen solution, 10 � PBS, distilled
water, and 1 mol/L NaOH were prechilled on ice. After thor-
oughly mixing collagen in PBS to the desired concentration and
adjusting pH to 7.0 using NaOH, the cell suspension was mixed
with hydrogel quickly. Then the mixture of cells and neutralized
collagen solution were placed into the 96-well plate and incubated
at 37 �C for 1 h to promote gel formation before adding medium.

2.6. Staining and imaging

For live/dead staining, cells were washed twice with PBS and then
incubated with the dye mixture (2 mL calcein-AM and 3 mL PI in
1 mL PBS) for 10 min at 37 �C. Subsequently, the living cells and
apoptotic cells were observed and imaged using a confocal mi-
croscope (Leica, Wetzlar, Germany).

For the visualization of cocultured cells, cells and dyes, i.e.,
CMs in Hoechst 33342 (10 mL Hoechst 33342 in 1 mL PBS), CFs
in calcein-AM (2 mL calcein-AM in 1 mL PBS), and BMDMs in
DiI (10 mL DiI in 1 mL PBS) were incubated respectively for
20 min at 37 �C before seeding. Then, cells were washed with
PBS twice and mixed with collagen to form the 3D cardiac tissues.
After 24 h, the 3D cardiac tissues were observed and imaged using
a Leica confocal microscope.

For immunostaining, cells in 2D and 3D cultures were fixed
with 4% PFA (pH Z 7.4). After treatment with 5% bovine serum
albumin and 0.3% Triton x-100, the cells were incubated over-
night at 4 �C with primary antibodies and then for 1 h at 37 �C
with secondary antibodies. Cells were observed under the high-
content analysis system (BD Biosciences, San Jose, CA, USA).
The antibodies and dyes used were as follows: anti-vimentin
antibody (Origene, Rockville, MD, USA, 1:250), anti-alpha
smooth muscle (a-SMA) antibody (Abcam, Cambridge, En-
gland, 1:250), DAPI (Abcam, 1:200), goat anti-rabbit IgG
(Cohesion Biosciences, London, England, 1:200) and goat anti-
chicken IgG (Cohesion Biosciences, 1:200).

2.7. Western blot (WB)

A total cellular protein extraction was conducted using radio-
immunoprecipitation assay lysis buffer. The protein content in
each extract was determined using a bicinchoninic acid assay,
after which the samples underwent sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The samples were boiled

and loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel
for electrophoresis at 120 V for 80 min. Following electropho-
resis, the protein fractionated on the gel underwent transfer to the
nitrocellulose membrane. This was achieved by electrorotation at
300 mA for 90 min. Following this, the membrane was incubated
with primary antibodies at 4 �C for 12 h, then incubated with
secondary antibodies at room temperature for 2 h, and imaged
using an imager (Bio-Rad, Hercules, CA, USA) after incubation
with enhanced chemiluminescence detection reagent at room
temperature for 1 min. The band densities were analyzed and
quantified using ImageJ software. The antibodies used for WB
were as follows: anti-a-SMA antibody (Abcam, 1:1000), anti-
collagen III (Col III) antibody (Abcam, 1:1000), anti-GAPDH
antibody (Abcam, 1:10,000), HRP anti-rabbit IgG antibody
(Abcam, 1:10,000), and rabbit anti-mouse IgG H&L (Abcam,
1:10,000).

2.8. Real-time reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted with TRIzol reagent. The quality and
integrity of the RNA were determined using the NanoDrop 2000
(Thermo Scientific, Waltham, MA, USA). cDNA synthesis was
performed using a RevertAid first-strand cDNA synthesis kit
(Thermo Scientific). The mRNA level was detected using a PCR
supermix kit (Vazyme, Nanjing, China). Expression of GAPDH
was employed as an internal control. The primer sequences of the
target genes ACTA2, COL3A1, matrix metalloprotein 9 (MMP9),
and GAPDH are listed in Supporting Information Table S1
(Sangon Biotech, Shanghai, China). The relative expression
levels of the target genes were calculated using the 2eDDCt

method.

2.9. Flow cytometry detection

The cells were enzymatically digested for 40 s to form a single-
cell suspension. After centrifugation, the cells were washed with
PBS and incubated with antibodies on ice for 40 min. After
washing twice, cells were suspended in 300 mL PBS and then
detected by flow cytometry (BD Biosciences). The antibodies
were as follows: anti-Siglec1/CD169 (Santa, Dallas, TX, USA,
1:50), anti-Vimentin antibody (Abways, Shanghai, China, 1:50),
and anti-a-actinin (Proteintech, Rosemont, IL, USA, 0.4 mg per
106 cells in a 100 mL suspension).

2.10. Cell viability detection

Cell viability in 2D and 3D cultures was measured using CCK-8
according to the manufacturer’s instructions. In brief, 10 mL of
CCK-8 was added to the wells and incubated at 37 �C for 2 h. The
optical density of the cells in each well was then measured using a
microplate reader (PerkinElmer, Waltham, MA, USA) set to a
wavelength of 450 nm.

2.11. Compound screening

In screening, the relative proliferation of cells in 2D or 3D culture
after treatments was calculated as A450 compound/A450 model using
data from CCK-8 assay. A compound was designated as a
candidate with anti-fibrotic activity if its relative proliferation
value was less than 1.
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The relative contraction of myocardial tissue in 3D culture
after treatments was calculated as Areamodel/Areacompound using
data from live/dead staining assay. A compound was designated as
a candidate with anti-fibrotic activity if its relative contraction
value was less than 1.

2.12. Animal model of MF

MF was induced in mice by ligature of the LAD coronary artery.
Following anesthesia by intraperitoneal injection of 0.5% sodium
pentobarbital (50 mg/kg), the animal ventilator was connected,
and the procedure was carried out in the third/fourth rib area on
the left side of the chest. The left anterior descending coronary
artery was ligated 1e1.5 mm distal to the left auricle. The im-
mediate lightning of the cardiac tissue at the ligation site was
considered a sign of successful surgery. Mice that underwent
open-chest surgery but did not receive LAD ligation were part of
the sham group.

2.13. Echocardiographic assessment

After 14 days of drug administration, mice were anesthetized with
isoflurane, and fixed in the supine position on the ultrasound bench.
The long and short axes of the hearts of each group of mice were
imaged using a mouse ultrasound probe at the papillary muscle
adjacent to the left sternum. During the acquisition process, the
heart rate of themicewasmaintained between 450 and 550 beats per
minute, and at least 10 cardiac cycles were recorded in the long and
short axis regions at each measurement point. The thickness of the
anterior and posterior wall of the left ventricle was measured during
diastole and systole, respectively. The left ventricular ejection
fraction and left ventricular fractional shortening values were
calculated using Vevo 2100 ultrasound data analysis software.

2.14. Transcriptomic sequencing and data analysis

The mice hearts were rapidly and manually separated from each
carcass, immediately flash frozen in liquid nitrogen, and stored at
�80 �C until RNA extraction. RNA extraction and sequencing
using Illumina Novaseq X plus series of samples were performed
by Beijing Novozymes Co. (Beijing, China). Sequencing reads
were mapped to reference genomes GRCm38 (mm10) using
HISAT2 v2.0.5 with default parameters. Gene-level expression was
estimated as fragment per kilobase of transcript per million mapped
reads (FPKM). Differentially expressed genes (DEGs) were iden-
tified by Limma 3.58.1 using filtering thresholds of P value < 0.05
and absolute value (log2fold change) � 1. Gene ontology (GO),
kyoto encyclopedia of genes and genomes (KEGG), and gene set
enrichment analysis (GSEA) enrichment of DEGs were performed
using cluster Profiler 4.10.0. The plots were drawn using pheatmap
1.0.12, gggsea 0.1.0, GOplot 1.0.2 and enrichplot 1.22.0.

The RNA-seq sequencing and processed data were deposited in
GEO (GSE275028).

2.15. Histological examination and analysis

After completing the abdominal aorta blood collection, the mouse
heart was quickly removed from the chest cage and placed in
prechilled PBS to remove blood. Then the pericardium, atria, and
appendages of the heart were removed. The heart tissue above the
ligation line is fixed in a 4% PFA solution for further staining and
imaging. The part below the ligation line was divided into 2 parts

with the same volume and kept at �80 �C for subsequent
experiments.

For tissue organization analysis, cardiac tissue was embedded
in kerosene, sectioned at a thickness of 3e5 mm, and stained
in accordance with the established hematoxylin-eosin staining
protocol21. The evaluation of histomorphology and collagen
deposition of all heart sections was performed in a double-blind
manner by a pathologist who was unaware of the experimental setup.

In an analysis of collagen deposition, heart slices were stained
using Sirius-red and imaged under polarizing microscopy. Owing
to differential birefringence, Col I, and Col III were observed in
bright shades such as orange and green.

2.16. Enzyme-linked immunosorbent assay

Blood samples from mice were collected from the abdominal
aorta with a sterile 1 mL disposable syringe and allowed to
coagulate at room temperature for 2 h. The samples were cen-
trifugated at 855�g for 10 min at 4 �C. After centrifugation, the
supernatant was collected for enzyme-linked immunosorbent as-
says of procollagen III C-terminal propeptide (PIIICP, Keborui,
Shanghai, China) and Galectin-3 (Cohesion Biosciences) levels.

2.17. Molecular docking

The crystal structures of the proteins used for docking were ob-
tained from the RCSB PDB database22. Energy minimization of 2
molecules was carried out under the MMFF94 force field.

Molecular docking was carried out using AutoDock Vina 1.2.3
software according to instructions23. Briefly, the receptor proteins
were processed using PyMol 2.5.52 to remove the water mole-
cules, salt ions, and small molecules. Then the docking box was
set up so that it wrapped around the entire protein structure.
Molecules and proteins were converted to the PDBQT format
using ADFRsuite 1.03. The exhaustiveness of the global search
was set to 32 and the rest of the parameters remained at their
default settings. The output with the highest scores was considered
to be the binding conformation. The docking results were also
visualized using PyMol 2.5.52.

2.18. Statistical analysis

Quantitative data were analyzed using Graph Pad Prism 9 and
shown with the mean � standard deviation (SD). One-way
ANOVA was used to calculate differences between groups. Dif-
ferences between groups were considered statistically significant
if P < 0.05.

3. Results

3.1. Primary CMs, CFs, and BMDMs formed 3D myocardial
tissue in collagen hydrogel

To achieve a rapid and sensitive phenotypic screening of anti-
fibrotic compounds, we extracted CMs, CFs and BMDMs from
neonatal rats to improve contractile responses. Primary CMs and
CFs were isolated from the heart of 1e3-day-old rats by differential
velocity adhesion24,25. BMDMs were obtained after 48 h of acti-
vation by M-CSF of monocytes, which were extracted from the
bone marrow of 10-day-old rats26. Applying a well-established
protocol for primary cell isolation, around 99.8% of primary CMs
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expressed a-actinin27, 99.9% of primary CFs expressed vimentin
and 98.2% of primary BMDMs expressed CD169 in the isolated
populations as identified using flow cytometry28,29 (Fig. 2AeC,
Supporting Information Fig. S1). We then utilized primary CMs,
CFs, and BMDMs with high purity to construct 3D myocardial
tissue.

In 3D myocardial tissue, collagen was used as an extracellular
matrix to support and stabilize the formation of spheres. To
determine the optimal collagen concentration for 3 kinds of cells
in coculture, collagen hydrogels with a gradient of 1e3 mg/mL
were tested for the viability of each cell. For CMs and CFs, cell
viability was kept as high as w99% in all the collagen hydrogel
groups. For BMDMs, however, cell viability decreased signifi-
cantly along with growing collagen concentrations (Fig. 2DeF).
Therefore, collagen with 1 mg/mL was applied for multicellular
3D myocardial tissue formation.

Primary CMs, CFs, and BMDMs were mixed using a 1:1:1
ratio and kept in collagen hydrogel (1 mg/mL) for as long as 7
days according to the previous studies30,31. The good cell viability
and multilayered structure of 3D myocardial tissue in long-term
culture was visualized using fluorescence imaging on Day 5
(Fig. 2G). Using the live cell staining method, we can observe a
mixture of 3 kinds of cells and their interactions in 3D myocardial
tissue, which would facilitate cross-talks in response to the hyp-
oxia microenvironment (Fig. 2H).

3.2. Oxygen-glucose deprivation (OGD) induced a fibrotic
phenotype of 3D myocardial tissue

To better replicate the fibrotic progression in vivo, we utilized
TGF-b and OGD treatments, which are established methods for
in vitro MF models. TGF-b and OGD treatments were applied to
CFs and myocardial tissue (cocultured CFs, CMs and BMDMs) in
2D and 3D culture respectively, resulting 5 groups named
2DeTGF-beCFs, 2DeTGF-beMF, 2DeOGDeCFs,
2DeOGDeMF and 3DeOGDeMF (Fig. 3A). After 24 h of TGF-
b treatment, the cell viability of individual CFs in 2D culture was
significantly higher when compared to the control group. How-
ever, in the 2DeTGF-beMF system, cell viability showed no
increase compared to the control group after 24 h of treatment due
to the contrasting responses of CFs and macrophages to TGF-b32.
Following an 8-h OGD treatment, 2DeOGDeMF and
3DeOGDeMF displayed a significant increase in cell viability,
whereas 2DeOGDeCFs viability remained unvaried compared to
the control. This illustrates the vital need for crosstalk between
CFs and BMDMs in hypoxia-induced fibrosis. Furthermore,
immunofluorescence staining of a-SMAþ cells revealed a greater
concentration in the 2DeTGF-beCFs, 2DeOGDeMF, and
3DeOGDeMF groups than in the other groups (Fig. 3B).
3DeOGDeMF showed an advantage over 2DeOGDeMF,
because the contraction of hydrogel in 3DeOGDeMF was easily
observed and quantified along with fibrosis progression using
fluorescence imaging (Fig. 3C), proposing a rapid and low-cost
strategy for high-throughput screening of anti-fibrotic candidates.

To further verify the cell fibrosis in 3DeOGDeMF, we
assessed the levels of fibrotic markers in total cells in 3D
myocardial tissue using RT-PCR, WB, and immunofluorescence.
The upregulated mRNA expression of ACTA2, COL3A1, and
MMP9, coupled with increased protein expression of a-SMA and
Col III indicated that OGD-activated fibrosis in 3D myocardial
tissue (Fig. 3DeF). In the 3DeOGDeMF model, the staining of
a-SMA and Vimentin showed a greater number of fluorescence

signals and higher co-localization ratios, suggesting enhanced
fibrotic activation of CFs in 3DeOGDeMF compared to the
control (Fig. 3G).

To investigate the interactions among the 3 cell types,
3DeOGDeMF and 3 types of 2D-cultured cells at a ratio of 1:1:1
were subjected to RNA-seq. There were 462 differentially
expressed mRNAs between 3D myocardial tissues and 2D cells, of
which 363 were upregulated and 99 were downregulated (Sup-
porting Information Fig. S2A). GO analyses showed that DEGs
were enriched in innate immune response, inflammatory response,
and immune effector process (Fig. S2B). The enriched KEGG
pathways mainly included the JAKeSTAT signaling pathway,
NF-kB signaling pathway, IL-17 signaling pathway, and TNF
signaling pathway (Fig. S2C). Expression of genes related to cell
death, for example, NLRP3, genes related to immune response,
such as NFKB1, NFKB2, IL1A, IL1B, IL6, and genes related to
fibrosis, such as MMP3, MMP9, MMP12, and COL6A6 were
significantly up-regulated (Fig. S2D). The RNA-seq results indi-
cate that intercellular interactions in 3D myocardial tissue
permeate the inflammatory response and fibrotic process under
OGD.

3.3. Phenotypic screening of compounds extracted from T.
vernicifluum revealed anti-fibrotic candidates

The resins of T. vernicifluum, a processed dry product of the resins
of the anacardiaceae plant, showed a high molecular complexity
as shown in the fingerprint of petroleum ether extract (Fig. 4A and
B, Supporting Information Fig. S3). 76 compounds obtained from
ethyl acetate extract and petroleum ether extract from T. verni-
cifluum resins, were screened for anti-fibrotic potential using 3D
myocardial tissue and 2DeTGF-beCFs. 3D myocardial tissues
were seeded into 96-well plates at 20 mL per well and stimulated
with OGD to induce a fibrotic effect for 8 h. Similarly, 2D CFs
were seeded into 96-well plates and induced with TGF-b at
20 mmol/L. The 2DeTGF-beCFs model was included in the
following screening assays as a control model of fibrosis. Both 2D
and 3D cultured cells were treated with compounds extracted from
T. vernicifluum, as well as SB431542, a well-established TGF-b
inhibitor with demonstrated anti-fibrotic effects, serving as a
positive control.

For 3D myocardial tissue, the morphology of each tissue
before and after treatments was stained and analyzed using
ImageJ. Following OGD treatment, the 3D myocardial tissue in
the model group without additional compounds experienced a
contraction resulting in a reduction of their diameter by half.
Meanwhile, the 3D myocardial tissue of the positive control group
with SB431542 remained the same. Among 76 screened com-
pounds, 26 demonstrated inhibitory effects on tissue contraction
(Fig. 4C and D). The proliferation of 3DeOGDeMF with
compound treatment was assessed using CCK-8 to confirm their
anti-fibrotic effects (Fig. 4E). 26 compounds, which showed
anti-fibrotic activity following the observation based on contrac-
tion assays, also exhibited the ability to decrease proliferation
(Fig. 4F). These 26 compounds fell into the categories of urushiols
and flavonoids, and were labeled as 3Dþ compounds (Fig. 4G,
Supporting Information Table S2). To rule out the possibility that
drug toxicity was the cause of the decrease in cell survival rate,
cytotoxicity tests were conducted on 76 compounds from T.
vernicifluum. Among 76 compounds, only 4 compounds showed
significant cellular toxicity at 20 mg/mL (Fig. 4H, Supporting
Information Fig. S4).
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Figure 2 Construction of multicellular 3D myocardial tissue. Flow cytometric analysis of isolated (A) primary CMs using a-actinin, (B) CFs

using vimentin, and (C) BMDMs using CD169. Calcein-AM and PI staining of live and dead cells of (D) CMs, (E) CFs, and (F) BMDMs in

collagen hydrogel at 1, 2, and 3 mg/mL, respectively. Scale bar Z 50 mm. Cell viability statistics are shown in the right lane of each figure. (G)

Calcein-AM staining of living cells in 3D myocardial tissue in collagen hydrogel. Scale bar (up) Z 200 mm, Scale bar (down) Z 100 mm. (H)

Confocal image of CMs nucleus using Hoechst 33342 live staining (blue), CFs cytoplasm using calcein-AM live staining (green) and BMDMs

membrane using DiI live staining (red). Scale bar Z 75 mm.
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Figure 3 Hypoxia-induced fibrosis in 3D myocardial tissue models. (A) Relative cell proliferation and (B) a-SMA staining of CFs and

cocultured CFs, CMs, and BMDMs in 2D and 3D culture after TGF-b or OGD treatment. Data are presented as mean � SD, n Z 6, ##P < 0.01,
###P < 0.001 vs. Control. ns, no significance. Scale barZ 50 mm. (C) The contractile phenotype of OGD-induced fibrosis in 3D myocardial tissue

models. The area of calcein-AM stained 3D myocardial tissue was detected using ImageJ and labeled red for area analysis. The outer border of the

3D myocardial tissue in the control group was highlighted in yellow to visualize contractility after OGD treatment. Scale bar Z 200 mm. (D) The

mRNA expression level of ACTA2, COL3A1, andMMP9 in 3D myocardial tissue models after OGD treatment. Data are presented as mean � SD,

n Z 3, #P < 0.05, ##P < 0.01 vs. Control. The protein expression level of (E) Col III and (F) a-SMA in 3D myocardial tissue models after OGD

treatment. Data are presented as mean � SD, n Z 3, #P < 0.05, ##P < 0.01 and ###P < 0.001 vs. Control. (G) Immunofluorescence staining of a-

SMA and vimentin in 3D myocardial tissue models after OGD treatment. Scale bar Z 50 mm.
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Screening using 2DeTGF-beCFs revealed 24 anti-fibrotic
compounds that inhibited cell proliferation (Fig. 5A). These
compounds were categorized as urushiols, terpenoids, benzofu-
rans, astragalus mongholicus, flavonoids, and other substances,
and were designated as 2Dþ compounds (Fig. 5B, Table S2). The

disparate colors of the columns on the heatmap indicated the
discrepancies in anti-fibrotic activity observed between the
2DeTGF-beCFs and 3DeOGDeMF (Fig. 5C). To our knowl-
edge, all 2Dþ and 3Dþ compounds were identified with anti-
fibrotic activity for the first time. Among them, 10 compounds

Figure 4 Phenotypic screening of anti-MF candidates using 3D myocardial tissue models. (A) Photograph of T. vernicifluum. (B) Multi-

wavelength HPLC fingerprint of the extract of T. vernicifluum. (C) Representative images of calcein-AM labeled 3D myocardial tissue models

after OGD and compound treatment. Scale barZ 200 mm. (D) Statistics of contraction-based 3Dþ compounds with anti-MF activity. (E) Statistics

of proliferation-based 3Dþ compounds with anti-MF activity (n Z 6). (F) Heatmap of cell proliferation and contraction inhibition of 76 com-

pounds. (G) Pie chart of 26 3Dþ compounds classifications. (H) Toxicity statistics of 26 3Dþ compounds. Compounds were classified as toxic

when cell viability was less than 70% after 24 h treatment (n Z 5).
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showed activity in both the 3Dþ and 2Dþ groups, whereas 10 were
exclusively active in the 2Dþ group, and the remaining 12 were
only found active in the 3Dþ group (Fig. 5D). This consequently
led to the classification of anti-fibrotic compounds into 3 groups:
2Dþ3De, 2D-3Dþ, and 2Dþ3Dþ. While considering the

anti-fibrotic activities, volume availability, and toxicity for mouse-
based validations, LQ-39 (3-undecylbenzene-1,2-diol), LQ-40
[(E)-3-(pentadec-8-enyl) phenol], and SQ-3 [3-((10E,12E)-penta-
deca-10,12,14-trien-1-yl) benzene-1,2-diol] were chosen from
each respective group (Fig. 5E). These 3 candidates are of high

Figure 5 Different anti-MF activity uncovered using 2D and 3D models. (A) Statistics of proliferation-based 2Dþ compounds with anti-MF

compounds using 2DeTGF-beCFs (nZ 5). (B) Pie chart of 24 2Dþ compounds classifications. (C) Heatmap of cell proliferation inhibition of 76

compounds using 2D and 3D models. (D) Venn diagram of 2Dþ and 3Dþ compounds. (E) Inhibition distribution of 2Dþ and 3Dþ compounds.

The structure (top), relative proliferation (medium), and area of fluorescence (bottom) of cells and tissues under (F) 2Dþ3De compound LQ-39,

(G) 2De3Dþ compound LQ-40 and (H) 2Dþ3Dþ compound SQ-3 at gradient concentrations. Data are presented as mean � SD, n Z 6;
#P < 0.05, ##P < 0.01, ###P < 0.001 vs. Control; ***P < 0.001 vs. Model. ns, no significance. In analysis of the area of fluorescence, Data are

presented as mean � SD, n Z 3; ###P < 0.001 vs. Control; *P < 0.05, **P < 0.01 vs. Model. ns, no significance.
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content in T. vernicifluum and exhibit structural similarity. A
multi-dose experiment was carried out with a range of
10e40 mmol/L to further validate the anti-fibrotic activity of SQ-3
and LQ-40, the 3Dþ compound, utilizing 2DeTGF-beCF models
(Fig. 5FeH, Supporting Information Fig. S5). The results
demonstrated that SQ-3 exhibits a substantial, dose-dependent
inhibition effect on fibroblast proliferation in the 2D model,
whereas LQ-40 showed no activity in the 2D model. The disputed
outcome of LQ-39 and LQ-40 in 2D and 3D myocardial models
necessitates additional confirmation via in vivo experiments.

3.4. LAD mouse model validated the anti-fibrotic activity of
3Dþ compounds

Compounds LQ-39, LQ-40, and SQ-3, belonging to the 2Dþ3De,
2De3Dþ, and 2Dþ3Dþ groups, respectively, were assessed as
potential therapeutics for cardiac fibrosis in 8-week-old mice with
LAD ligation. The experiment involved a 14-day treatment period,
followed by a comparison of heart functions and organization
among the sham, model, LQ-39, LQ-40, SQ-3, and fosinopril
groups (Fig. 6A). Fosinopril was used as a positive control treat-
ment for hypoxia-ischemic myocardial injury after LAD liga-
tion33. Two days after LAD, the weight of the sham group
gradually increased, while the weight of the model group slowed
down. After the LQ-40 or SQ-3 treatment, the weight gradually
increased (Fig. 6B). The ultrasound results of the mouse heart are
shown in Fig. 6C. Notably, the left ventricular ejection fraction
and left ventricular fractional shortening values increased signif-
icantly in the LQ-40 and SQ-3 treated groups compared to the
model group after 14 days of treatment (Fig. 6D). Furthermore,
the left ventricular posterior wall and internal dimension increased
following injury treatment with LQ-40 or SQ-3, while there was
no significant change in the LQ-39 treated group. 2,3,5-
Triphenyltetrazolium chloride staining demonstrated that the
area of cardiac infarction (white) was significantly larger in the
ligated left ventricle than in the sham group of mice. This area was
attenuated in the LQ-40, SQ-3, and fosinopril groups, but not in
the LQ-39 group (Supporting Information Fig. S6). The reduced
plasma levels of PIIICP and Galectin-3 confirmed that myocardial
injury could be repaired34,35, and cardiac function recovered after
treatment with LQ-40 and SQ-3 (Fig. 6E and F). Therefore, the
administration of LQ-40 and SQ-3 would enhance cardiac func-
tion post-injury, whereas LQ-39 did not show any significant ef-
ficacy in treatment.

Furthermore, tissue structures of LQ-40 and SQ-3 treated
hearts were improved with the ambiguous structure of central
myocytes and myocardial fiber arrangement (Fig. 7A). However,
the LQ-39 treated group failed to repair myocardial cell
arrangement disorders or nucleus contractions. Furthermore, the
count of nuclei decreased only in LQ-40 and SQ-3 treated group,
indicating a decrease in inflammation (Fig. 7B). The results of
Picrosirius-red staining showed that LQ-40 and SQ-3 could reduce
the over-expansion of Col I fibers in mouse myocardial tissue after
MF (Fig. 7C). However, LQ-39 improved Col I deposition, similar
to that in model group (Fig. 7D). Immunostaining of a-actinin (a
marker of CM), a-SMA (a marker of MF), and CD86 (a marker of
pro-inflammatory macrophage) revealed decreased inflammation
level of LQ-40 and SQ-3 treated hearts in comparison with model
and LQ-39 treated group (Fig. 7E and F). Herein, the increased
CMs and decreased MF staining in LQ-40 and SQ-3 treated hearts
were also observed as altered cellular organizations, suggesting
the promotion of cardiac regeneration.

To accurately assess the effects of LQ-40 and SQ3 on MF, and
investigate the potential anti-fibrotic mechanism behind structural
similarity, we performed mRNA-Seq analysis on mouse myocar-
dial tissue in sham, model, LQ-40 and SQ-3 groups in triplicate
(Fig. 8A, Supporting Information Fig. S7AeS7D). The heatmap
of DEGs suggested a reversal at the transcriptional level after
LQ-40 or SQ-3 treatment in comparison with the model group
(Fig. 8B). A total of 30 identical genes were both up- or down-
regulated after LQ-40 and SQ-3 treatment (Fig. 8C). KEGG
enrichment of DEGs between LQ-40 and model, and DEGs be-
tween SQ-3 and model revealed the PI3KeAkt signaling pathway
(Fig. 8D and E). Significant downregulation of representative
genes in PI3KeAkt signaling pathway was observed in GSEA
enrichment and the FPKM-based heatmap (Fig. 8F and G,
Fig. S7E). Genes related to cell death, for example, NLRP3, genes
related to immune response, such as NFKB1, NFKB2, IL1A, IL1B,
IL6, and genes related to fibrosis, such asMMP3,MMP9,MMP12,
and COL6A6 were significantly down-regulated after LQ-40 and
SQ-3 treatment (Fig. S7F and S7G). Molecular docking of LQ-40
and SQ-3 with the proteins corresponding to the genes listed in
Fig. 8G revealed that both monomers might have high binding
affinity to thrombospondin-1 (THBS-1/TSP-1), an adhesive
glycoprotein on membrane and cytosol that is involved in the
regulation of inflammation homeostasis and PI3KeAkt pathway
(Fig. 8H)36. The docking score of LQ-40 and AQ-3 with TSP-1
was �7.327 and �5.731, respectively. The calculated binding
affinity of LQ39 and TSP-1 was low (docking score Z 6.029),
suggesting that the number of double bonds may affect their
flexibility.

LQ-40 was applied to 3D cultured cells with varying composi-
tions to clarify the anti-inflammatory effect further. There was no
significant contraction observed in the tissue of pure CMs, CFs, or
BMDMs in 3D culture under hypoxia, which is consistent with the
low immune and fibrotic responses shown in Fig. S2. In addition,
LQ-40 demonstrated little efficacy in mitigating OGD-induced
damage to CMs, indicating that LQ-40 exerts a limited regulatory
influence on CMs. In contrast, impaired OGD-induced injury was
observed in BMDMs after LQ-40 treatment. All multicellular 3D
cultures composed of BMDMs demonstrated significant reparative
effects of LQ-40 in both the contractile and proliferative di-
mensions, suggesting the possibility that LQ-40 inhibits cardiac
fibrosis by modulating macrophages (Supporting Information
Fig. S8AeS8C). In conclusion, LQ40 has the potential to bind to
TSP-1, thereby reducing the immune response of macrophages
triggered by the death of cardiomyocytes under hypoxic conditions.
This may lead to a reduction in the proliferation and activation of
myofibroblasts, and ultimately, the inhibition of fibrosis expansion,
emphasizing the necessity of utilizing 3D myocardial tissue with
multiple cell types in anti-fibrotic drug screening (Fig. 8I).

4. Discussion

Myocardial fibrosis, a common complication of cardiovascular
diseases, is characterized by excessive collagen deposition and
inflammatory infiltration that severely impairs cardiac function.
The lack of reliable drug screening models limits the development
of therapeutic strategies. Our study has developed a 3D myocar-
dial tissue with mature cellular functions and defined ratios to
facilitate a sensitive, fast, and visualizable screening of anti-
fibrotic candidates. The novel 3D MF model integrated primary
CMs, CFs, and BMDMs with collagen hydrogel to mimic in vivo
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Figure 6 Validation of anti-MF activity of compounds using the mouse model with LAD ligation. (A) Schematic diagram of the experimental

procedure of the study in vivo. (B) Weight curve of mice after LAD surgery (n Z 6). (C) Echocardiogram. (D) Left ventricular ejection fraction,

left ventricular fractional shortening, left ventricular anterior wall; systole, left ventricular anterior wall; diastole, left ventricular posterior wall;

systole, left ventricular posterior wall; diastole, left ventricular internal dimension; systole, and left ventricular internal dimension; diastole

analysis of mice in sham, model, LQ-39, LQ-40, SQ-3 and fosinopril group. Data are presented as mean � SD, n Z 6; ###P < 0.001 vs. Control;

*P < 0.05, ***P < 0.001 vs. Model; &&&P < 0.001 vs. LQ-39; ns, no significance. Evaluation of (E) PIIICP and (F) Galectin3 in the blood of

mice from each group. Data are presented as mean � SD, nZ 6; ###P < 0.001 vs. Control; *P < 0.05, ***P < 0.001 vs. Model; &&&P < 0.001 vs.

LQ-39; ns, no significance.
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cellular interactions between multiple cell types under hypoxia,
which reduced the possibility of false-positive or false-negative
screening compared to the traditional 2DeTGF-beCF model.
Using the 3D myocardial tissue model, two T. vernicifluum
compounds, LQ-40 and SQ-3, were uncovered to have
anti-fibrotic activity and then were validated using the LAD
mouse model as promising candidates for MF treatment.

The 2DeTGF-beCFs model is widely used in drug screening.
Still, it has limitations as it only considers one cell type and one
cytokine, neglecting the complex cellular communications
contributing to pathological development. To overcome this chal-
lenge, 3D organoids have been developed with stem cell-derived
multiple cell types through sequential cytokine-induced differen-
tiation37. A growing number of protocols were established for stem

Figure 7 Tissue organization of the LAD ligation mouse model after compound treatment. (A) Hematoxylineeosin staining of cross-sectional

slices and (B) statistics of nucleus derived from the hearts of mice in each group (n Z 6). Scale bar: 50 mm (20 � magnified region), 1 mm

(original scale in lower left inset). (C) Picrosirius-red staining under polarization microscopy and (D) statistics of Collagen I (orange) and

Collagen III (green) of hearts from mice in each group (n Z 3). Scale bar Z 50 mm. (E) Representative zone of immunofluorescence, and

(F) statistics of a-actinin (green), CD86 (red) and a-SMA (white) of cross sections of the heart from each group. Scale bar: 50 mm

(20 � magnified region), 1 mm (original scale in lower left inset).
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Figure 8 RNA-Seq analysis on mouse myocardial tissue in sham, model, LQ-40, and SQ-3 groups (n Z 3). PCA plot (A) and expression

heatmap (B) of RNA-Seq analysis of mouse myocardial tissue in sham, model, LQ-40, and SQ-3 groups in triplicate. (C) Venn diagrams

illustrated the number of overlapping differentially expressed genes (DEGs) in LQ40 and SQ3 groups. KEGG enrichment of DEGs of LQ-40 vs.

Model (D) and SQ-3 vs. Model (E) revealed the PI3KeAkt signaling pathway. (F) GSEA enrichment plot showed that gene expressions in the

PI3KeAkt signaling pathway were repressed after LQ-40 (left) and SQ-3 (right) treatment. (G) Heatmap of representative DEGs enriched in

PI3KeAkt signaling pathway. (H) Representative structure of the resulting TSP-1eLQ-40 and TSP-1eSQ-3 complex after computational protein-

ligand docking. (I) Illustration of potential mechanisms by which LQ-40 and SQ-3 attenuate myocardial fibrosis through binding to TSP-1 and

mediating intercellular crosstalk under hypoxia, highlighting the priority of upgrading to the novel 3D myocardial tissues in screening anti-fibrosis

candidates.
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cell-derived organoids with chambers and beating functions
mimicking hearts in exploring the early development and matura-
tion of the hearts38. 3D organoids are also valuable for a wide range
of applications in the modeling of cardiovascular disease, as
exemplified by the work of human myocardial infarction organoids
and human blood vessel organoids39-41. Using human stem cells in
drug screening can significantly reduce species differences in drug
reactions. However, long-term differentiation may increase het-
erogeneity between organoids and batches, potentially leading to
greater diversity in drug evaluations. Multiple omics analyses have
revealed the developing heterogeneity of stem cell-derived cells and
organoids in 4e5 weeks42,43. With spontaneous heterogeneity in
cell type and potion, the organoids may not correspond to the
pathological tissue and serve to fit in drug screening. Moreover, the
induction and maturation of stem cell-derived immune cells remain
great challenges in building organoids, which further lingered
uncovering of candidates regulating the inflammatory response in
MF. Meanwhile, the long duration and high heterogeneity between
batches also raised challenges in involving cutting-edge bio-
technologies, such as 3D printing to enable drug evaluation in high
throughput and multiple dosages44,45. This highlights the potential
of primary cells as a viable alternative to stem cell induction for
achieving phenotypically mature and fully functional car-
diomyocyte, fibroblast, or immune cells46. In our study, primary
cells extracted from rats can fulfill the primary functions of 3 kinds
of cells in the 3D hydrogel with defined components and ratios in
3-day screening, demonstrating their potential for widespread use.
Considering the tight connection between inflammatory and fibrotic
pathways in the pathophysiology47, BMDMs, the macrophages are
involved in the 3Dmyocardial tissue for improvedmimicking of the
MF process. Our results emphasized the importance of cellular
communication among the three primary cell types in fibrosis
through tissue contraction. The significant phenotypic changes in
contraction and proliferation suggested great potential for macro-
phages containing 3Dmyocardial tissues in candidate screening for
inflammatory regulation in the fibrotic process after myocardial
injury.

With multiple cell types in the collagen hydrogel, the 3D
myocardial tissue could mimic fibrosis and drive tissue contrac-
tion under hypoxia, facilitating a rapid and visualized screening of
anti-MF candidates. In 3D myocardial tissue, the anti-fibrotic
activity of 76 T. vernicifluum compounds remained consistent in
contraction- and proliferation-based evaluation. However,
controversial results of 22 compounds were observed between
screening using the traditional 2DeTGF-beCFs model and 3D
myocardial tissue. Among the compounds with controversial ac-
tivity, only LQ-40 and SQ-3 compounds with anti-fibrosis activity
in 3D myocardial tissue showed anti-MF efficacy in the murine
LAD model, but not the LQ-39, which was influential in the
2DeTGF-beCFs model. Although LQ-39, LQ-40, and SQ3
exhibit a similar structural type, the observed discrepancy in
biological activity may be attributed to differences in the number
of hydroxyl groups on the parent cassettes, differences in the
lengths of the side chains leading to different flexibilities, and
differences in the number of double bonds. These differences
result in different final efficacy outcomes. The mechanism of
LQ-40 and SQ-3 may be related to macrophage regulation, as
indicated by reduced CD86 signals. This may be because LQ-40
and SQ-3 both have long side chains containing double bonds.
After cardiomyocyte injury induced by acute hypoxia-ischemia,
large numbers of macrophages are recruited to the site of injury,
exert phagocytic and pro-inflammatory effects, clear damaged

cardiomyocytes, and subsequently secrete TNF-a, TGF-b, stim-
ulating fibroblast proliferation and producing fibrotic scarring48.
The high binding potency of LQ-40 and SQ-3 with TSP-1, a
matricellular protein that has been reported as a mediator of car-
diac fibrosis, required further validations as a target of LQ-40 and
SQ-3 in regulating MF49. Nevertheless, the upgrade of 2DeTGF-
beCFs to 3D myocardial tissue is recommended in uncovering
anti-myocardial fibrosis candidates to reduce both false-positive
and false-negative results.

Traditional Chinese medicine and natural plants have shown
broad prospects in the treatment of myocardial fibrosis, among
which T. vernicifluum has a wide range of anti-inflammatory and
anti-fibrotic activities, making it an ideal natural compound library
for this experimental study. 76 compounds isolated from the resins
of T. vernicifluum showed anti-fibrosis activities in 3D myocardial
tissue under hypoxia, and the main active compounds were uru-
shiols and flavonoids. Interestingly, the compound LQ-40, which
was screened and validated in the 3Dmodel and LADmousemodel,
belongs to urushiol and is a product of the self-damage repair
mechanism of lacquer trees12. Many similar natural medicinal
plants maintain their health through self-repairing damage mecha-
nisms, including secreting sap, forming callus tissue, repairing
damaged areas, and regenerating new tissue to restore normal
function50. For example, Sanguis Draconis, Salvia miltiorrhiza,
Radix Notoginseng, etc., impressively, the products secreted due to
the self-repairing damage mechanisms generally have the effect of
promoting blood circulation and removing blood stasis51,52, thus
having sound therapeutic effects on myocardial fibrosis. Therefore,
the results strongly suggest that this type of natural plant with
damage repair mechanisms and their products will provide a natural
pre-selected drug library for the treatment of myocardial fibrosis.

In summary, this study aims to establish an in vitro 3D
multicellular model for anti-MF candidate screening. The result-
ing 3D myocardial tissue will be a reference for related cardio-
vascular disease research. However, the study is limited by the
need for more investigation of crosstalk between three cell types,
the mechanism of LQ-40 and SQ-3 in anti-MF, the experimental
validation of drug targets, and the involvement of other cell types
in MF development. It is essential to explore the mechanism of
multicellular response to magnetic fields and to develop a hy-
pothesis for subsequent optimization of 3D cardiac-like tissue.

5. Conclusions

This study established a new 3D myocardial tissue model by inte-
grating primary cardiomyocytes, cardiac fibroblasts, and bone
marrow-derived macrophages into collagen hydrogel under hyp-
oxia. It is fully functional, with a defined composition and con-
tractile phenotype, allowing a more sensitive and reliable screening
of potential anti-MF drugs compared to the traditional 2DeTGF-
beCFs model. Using this 3D myocardial tissue, two novel candi-
dates derived from the traditional Chinese medicine T. vernicifluum,
LQ-40, and SQ-3 were discovered and further validated in the
murine LAD model. The novel 3D myocardial tissue and the vali-
dated anti-MF candidates would inspire further research into
cellular crosstalk and new therapies for the treatment of MF.
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