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A B S T R A C T

Background: Cardiac fibrosis is the most important pathogenesis leading to cardiac remodeling and heart fail-
ure after myocardial infarction (MI). Tissue nonspecific alkaline phosphatase (TNAP) has recently been recog-
nized as a potential prognostic factor for MI. Nevertheless, the role of TNAP in cardiac fibrosis after MI has not
been explicitly delineated.
Methods: A systematic review and meta-analysis was conducted to assess the effect of serum TNAP levels on
mortality in patients with ischemic heart disease (IHD). A correlation analysis was performed to investigate
the relationship between serum levels of TNAP and biomarkers of fibrosis. Heart biopsies from patients with
MI and a mouse model of MI were used to detect the expression and distribution of TNAP. Furthermore, we
established adenovirus-mediated knockdown and overexpression of TNAP, using a combination of in vivo
and in vitro studies in mice, to determine the role and mechanism of TNAP in cardiac fibrosis after MI. In the
in vitro studies, cardiac fibroblasts were cultured on soft plates.
Findings: After searching the main databases and performing a detailed assessment of the full-text articles,
eight studies with 14,816 individuals were included in the quantitative analysis. We found that a high serum
TNAP level was associated with an increased risk of mortality in patients with IHD and MI. The correlation
analysis revealed a positive correlation between serum TNAP levels and the concentration of fibrosis bio-
markers (PICP/PIIINP). The expression of TNAP was upregulated in the myocardium of patients with MI and
in a mouse model of MI, accompanied by fibroblast activation and the deposition of collagen fibers. In the in
vivo study, TNAP knockdown ameliorated cardiac fibrosis and improved cardiac function in mice. TNAP over-
expression aggravated cardiac fibrosis and worsened cardiac function. In the in vitro study, TNAP promoted
cardiac fibroblast differentiation, migration and proliferation. Mechanistically, the pro-fibrotic effect of TNAP
on cardiac fibroblasts was at least partially achieved by activating the TGF-b1/Smads and ERK1/2 signaling
pathways.
Interpretation: Based on these findings, TNAP plays an important pro-fibrotic role in cardiac fibrosis after MI
by activating TGF-b/Smads and ERK1/2 signaling, indicating that it functions as a potential regulator of and
therapeutic target in cardiac fibrosis.
Funding: This work was supported by the National Natural Science Foundation of China.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Myocardial infarction (MI) persists as one of the leading causes of
morbidity and mortality. Although advances in procedural and phar-
maceutical strategies have improved the major adverse events after
MI, the overall disease burden after MI remains unacceptably high
[1]. The excessive deposition of extracellular matrix in the myocardial
interstitium after MI induced by the loss of cardiomyocytes contrib-
utes to cardiac fibrosis [2]. The fibrotic reaction increases the stiffness
of the myocardium, promotes the remodeling of the ventricular
structure, and ultimately leads to systolic, diastolic dysfunction and
heart failure [3].

Tissue nonspecific alkaline phosphatase (TNAP), a member of the
phosphatase family, is usually expressed on the surface of mesenchy-
mal stromal cells (MSCs) [4]. As a surface marker of MSCs, it is widely
distributed in various human tissues. TNAP is a pivotal regulator mol-
ecule of bone and vascular calcification that promotes the
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Research in context

Evidence before this study

Cardiac fibrosis is the most important pathogenesis leading to
cardiac remodeling and heart failure after myocardial infarction
(MI). Tissue nonspecific alkaline phosphatase (TNAP), a pivotal
regulator molecule of bone and vascular calcification, is crucial
in promoting the differentiation and metabolism of various
cells. Recently, TNAP has recently been recognized as a poten-
tially prognostic factor involved in patients with MI. Neverthe-
less, the role of TNAP in cardiac fibrosis after MI is still
controversial.

Added value of this study

In this study, we found that a high serum TNAP level was asso-
ciated with an increased risk of mortality in patients with ische-
mic heart diseases, and it was positive correlated with the
concentration of PICP/PIIINP in patients with MI. The expres-
sion of TNAP was upregulated in the myocardium of patients
with MI and in a mouse model of MI. Importantly, in the in vivo
study, we found that TNAP knockdown ameliorated cardiac
fibrosis and improved cardiac function in mice. In contrast,
TNAP overexpression aggravated cardiac fibrosis and worsened
cardiac function. In the in vitro study, TNAP promoted cardiac
fibroblasts differentiation, migration and proliferation. TGF-b1/
Smads and ERK1/2 signaling pathways partially mediate the
role of TNAP in cardiac fibrosis after MI.

Implications of all the available evidence

TNAP plays an important pro-fibrotic role in cardiac fibrosis
after MI, suggesting that TNAP may be a potential regulator and
therapeutic target in cardiac fibrosis. Our data explored a new
explanation for TNAP-related mortality after MI in addition to
vascular calcification. These findings have potential clinical
applications.
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differentiation and metabolism of adipocytes, neurons and vascular
smooth muscle cells [4�6]. Several studies have reported that the
serum TNAP level may be associated with increased major adverse
events in individuals with ischemic heart disease (IHD) [7,8].

The possible mechanism is that TNAP regulates the metabolism of
calcium and phosphorus and may affect the prognosis of patients
with MI by aggravating coronary artery calcification. However, this
hypothesis is still controversial [9]. Tonelli et al. reported an associa-
tion between a high serum TNAP level and an increased risk of heart
failure in patients with MI [7]. Cardiac fibrosis after MI is one of the
main causes of heart failure and death. Nevertheless, the role of TNAP
in the progression of cardiac fibrosis after MI has not been explicitly
elucidated [10,11]. Arn�o et al. reported that TNAP limits the extent of
cardiac fibrosis induced by Ang II by inactivating the TGF-/Smads sig-
naling pathway [10]. However, Rodionov et al. found that TNAP over-
expression in the endothelium resulted in significant cardiac systolic
dysfunction and aggravated cardiac fibrosis in mice [11].

As shown in our recent study, TNAP inhibition by tetramisole
attenuates cardiac fibrosis after MI in rats by deactivating TGF-b1/
Smad2 signaling and activating P53 signaling pathways [12]. How-
ever, considering the multiple biological actions of tetramisole
[13,14], the evidence that TNAP regulates cardiac fibrosis may not be
sufficiently convincing. To further explore the role of TNAP in cardiac
fibrosis, we first determined the relationship between the serum
TNAP level and mortality in patients with IHD. In addition, we con-
ducted a correlation analysis between the levels of serum TNAP and
cardiac fibrosis biomarkers. Furthermore, we established adenovirus
mediated-specific knockdown and overexpression of TNAP, using a
combination of in vivo and in vitro studies in C57BL/6 J mice, to fur-
ther determine the role and mechanism of TNAP in cardiac fibrosis
after MI.

2. Materials and methods

2.1. Systematic review and meta-analysis

We conducted a comprehensive online search of published litera-
ture in the Medline, Cochrane and EMBASE databases (to December
31, 2020) to identify all publications and to assess the effect of serum
TNAP levels on mortality in patients with IHD. The search strategy
employed relevant keywords, including alkaline phosphatase, ische-
mic heart disease, myocardial infarction, and coronary artery disease.
The search was limited to English language publications. Studies
were included in this systematic review and meta-analysis if they
met the following criteria: the exposures were alkaline phosphatase
and the outcome was risks of cardiovascular mortality or all-cause
mortality. Search results were reviewed by two investigators (C.X.
and W.L.) who were required to be in agreement regarding study
selection. Any discrepancies were resolved by discussion.

This systematic review and meta-analysis adhered to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines for pooled analyses of interventional studies
[15]. Data were extracted by the two authors (C.X. and W.L), who
independently used a predefined, standardized protocol and data col-
lection instrument. Data on the study design, sample size, demo-
graphic characteristics, medical history of participants, follow-up
time, serum TNAP level and outcomes were recorded. If multiple
quantiles of serum TNAP levels were reported, quantitative analysis
only included the highest and lowest quartiles of serum TNAP levels.
The primary endpoints were all-cause mortality and cardiovascular
mortality. The Newcastle�Ottawa Quality Assessment Scale (NOS)
for observational trials was used to evaluate the quality of the study
[16]. The NOS scale consists of eight questions with nine possible
points. The quality of the included studies was independently
assessed by the two review authors.

2.2. Correlation analysis

We performed a correlation analysis between serum TNAP levels
and cardiac fibrosis biomarkers, including type I procollagen carboxy-
terminal propeptide (PICP) and N-terminal propeptide of type III pro-
collagen (PIIINP) [17]. Briefly, we recruited consecutive patients who
underwent coronary angiography (March 1, 2019 to August 30,
2019). Thirty-one patients with acute MI (< 2 weeks) and 28 patients
with negative findings were included. The detailed exclusion criteria
are described in Supplemental Table 1. Fasting venous blood sam-
ples were drawn from the included individuals. The plasma tube con-
taining EDTA was centrifuged immediately and the plasma aliquots
were stored at �80 °C until final analysis without any freeze-thaw
cycles. The serum TNAP concentration was analysed using a commer-
cially available ELISA kit (A059�2, JianCheng Bioengineering Insti-
tute, Nanjing, China).

2.3. Human heart samples, mouse model of MI and animal studies

Five human heart specimens were obtained from donors who
died from acute MI (< 2 weeks). Patients or patients’ family members
provided informed written consent prior to the inclusion of samples
from these subjects. Specific pathogen free (SPF) male C57BL/6 J mice
(6�8 weeks) were obtained from the experimental animal center of
Chongqing Medical University, and raised in SPF animal experiment
room (constant temperature of 20 § 3 °C with 55% § 10% humidity
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and 12 h light/dark cycle). The model of MI was established as
described below. Mice were anaesthetized with intraperitoneal injec-
tion of sodium pentobarbital (60 mg/kg), and additional doses were
administered if necessary. Mice were intubated with a 25-gage endo-
tracheal tube, and ventilation was performed at a rate of 180�220
breaths/min. The intercostal muscle was cut with an electrocautery
pen, and the ribs were retracted to expose the heart. Then, the left
anterior descending coronary artery (LAD) was permanently ligated
with 8�0 nylon sutures at approximately 1.0�2.0 mm below the bor-
der between the left atrium and the left ventricle. The sham-operated
mice underwent an identical operation as the MI group but without
ligation of the LAD. Subsequently, mice were sacrificed at 3, 7, 14, 21
or 28 days after MI by isoflurane (5%) administration and cervical dis-
location.

2.4. Knockdown and overexpression of TNAP in mice

Adenoviruses carrying a small hairpin RNA targeting TNAP (TNAP
knockdown, adv-shTNAP) and the TNAP cDNA (TNAP overexpression,
adv-TNAP-OE) were commercially constructed and synthesized using
the BLOCK-iT Adenoviral RNAi Expression System (Hanbio Biotech-
nology Co., Ltd., China). The mouse adv-TNAP-shRNA targeting
sequence was 50- CACCTTGACTGTGGTTACTGCTGAT �30. Mice were
randomly assigned to control and experimental groups (n = 20 each
group) according to a computer-generated sequence. When MI sur-
gery was performed, adenoviruses were delivered into mice via in
situ multipoint injection of the left ventricular anterior wall
(50 £ 1011 p.f.u. viruses per mouse). Control mice were injected with
the negative adv-scramble or adv-GFP using the same protocol. Two
weeks after MI was established, mice were sacrificed for subsequent
experiments.

2.5. Echocardiographic assessment of cardiac function

Transthoracic echocardiography (IE33; Philips, Holland) was per-
formed to assess cardiac function. Mice were anaesthetized by iso-
flurane inhalation (2�2.5%), and then isoflurane (1.5�2.0%) was
administered throughout the procedure to maintain the heart rate
between 450 and 550 beats/min. A two-dimensional parasternal
short axis view was used to image the heart, and an M-mode echo-
cardiogram was recorded at the papillary muscle level. Cardiac func-
tion parameters, such as the left ventricular ejection fraction (LVEF),
fractional shortening (FS), left ventricular internal diameter at dias-
tole (LVIDd) and left ventricular internal diameter at systole (LVIDs),
were measured by the same investigator who was blinded to the
groups.

2.6. Histological examination

The heart tissue was fixed with 4% paraformaldehyde, overnight
at 4 °C and dehydrated by washes with ethanol. Subsequently, heart
tissue was cut into 4 mm longitudinal sections and stained with Mas-
son's trichrome or used for immunohistochemistry. Masson's tri-
chrome was used to analyze the extent of fibrotic tissues. Rabbit anti-
TNAP (Abcam, 1:200), anti-a-SMA (Abcam, 1:300) and anti-vimentin
(Abcam, 1:300) antibodies were used as primary antibodies for
immunochemical staining overnight at 4 °C, followed by incubations
with secondary antibodies and DAB reagents. The quantitative analy-
sis of the fibrotic area and TNAP, vimentin and a-SMA expression in
heart tissues was performed using Image-Pro-Plus 6.0 software.

2.7. Cell isolation and culture

Cardiac fibroblasts (CFs) were isolated from neonatal (1�3 days)
C57BL/6 J mice and identified by vimentin expression. Left ventricles
were dissected from the mouse heart, finely minced into pieces, and
then digested with 0.25% trypsin/EDTA (Beyotime Biotechnology,
Shanghai, China) and Collagenase II (Bopei Biotech Co. Ltd, Chongq-
ing, China) at 37 °C. Subsequently, the suspensions of CFs were cen-
trifuged, resuspended, plated, and incubated for 1.5 h. Then, the
suspensions of CFs were cultured on soft plates (Advanced Biomatrix,
CytoSoft�, Elastic Moduli 8 kPa) coated with laminin (0.5 mg/cm2,
BioLamina). Adherent cells expressing vimentin were isolated as CFs,
and passages 1 cells were used for our experiments. CFs were main-
tained in DMEM supplemented with 10% fetal bovine serum (Wisent,
Canada) and 100 U/ml penicillin and streptomycin and incubated at
37 °C in a humidified chamber.
2.8. Cardiac fibroblast transfection with adenoviruses

CFs were plated at approximately 60% confluence and transfected
with adv-shTNAP, adv-TNAP-OE or the appropriate control according
to the manufacturer's instructions. Forty-eight hours after transfec-
tion, hypoxia (37 °C, 5% CO2 and 1% O2) was applied to CFs for 24 h,
and then the cells were harvested for further analysis. For stimulation
with recombinant human transforming growth factor-b1 (TGF-b1,
R&D Systems, Inc, USA), 24 h after transfection, cells were exposed to
serum-free medium for 24 h. After starvation, TGF-b1 protein (10 ng/
ml) was applied to CFs for another 24 h.
2.9. Western blot analysis

RIPA buffer containing phenylmethylsulfonyl fluoride (PMSF,
Beyotime) and protein phosphatase inhibitor was used to lyse frozen
mouse heart tissues and CFs. Lysates were centrifuged at 12,000 rpm
for 10 min to remove all cell debris, and the protein concentration in
the supernatant was assayed using a BCA Protein Assay Kit (Beyotime
Biotechnology, Shanghai, China). Loading dye (Beyotime Biotechnol-
ogy) was added to the samples before heating at 100°C for 15 mins.
Total proteins were separated by SDS-PAGE on a 10% gel and then
transferred onto polyvinylidene difluoride (PVDF) membranes. Mem-
branes were incubated with the following primary antibodies: TNAP
(Abcam, 1:1000), Collagen I (Abcam, 1:1000), a-SMA (Abcam,
1:1000), TGF-b1 (Sigma-Aldrich, 1:1000), p-Smad2 (Cell Signaling
Technology, 1:1000), Smad2 (Cell Signaling Technology, 1:1000), p-
Smad3 (Cell Signaling Technology, 1:1000), Smad3 (Cell Signaling
Technology, 1:1000), p-ERK1/2 (Cell Signaling Technology, 1:1000),
ERK1/2 (Cell Signaling Technology, 1:1000), Cyclin D1 (Abcam,
1:5000), CDK2 (Abcam, 1:1000), GAPDH (ImmunoWay, 1:5000) and
Cyclin E1 (ImmunoWay Biotechnology, 1:1000). Next, membranes
were incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (1:5000, Santa Cruz, USA). The bands were visual-
ized using Immobilon Western HRP (Millipore, Germany). RRID tags
for all antibodies are shown in Supplementary Table 2. All antibodies
were validated by manufacturers.
2.10. Immunofluorescence staining of CFs

CFs (1.5 £ 105 cells/ml) were seeded in 24-well plates after trans-
fection with adv-shTNAP, adv-TNAP-OE or the negative plasmid, and
stimulation with TGF-b1 (10 ng/ml). Then, the cells were permeabi-
lized with 0.1% Triton X-100 for 20 min, blocked with 10% goat serum
in PBS-Tween for 1 h at room temperature, and incubated with the
a-SMA and vimentin antibody at 4 °C overnight. CFs were incubated
with a FITC-conjugated secondary antibody (1:100; Proteintech
Group, Inc, Wuhan, China) for 1 h. Finally, DAPI was used to counter-
stain nuclei. The results were measured using confocal laser scanning
microscopy.
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2.11. Wound healing and cell proliferation assay

The migration capability of cells was evaluated by performing a
wound healing assay. CFs were seeded in 6-well plates at 70% conflu-
ence. After transfection with adenoviruses, the cells were scratched
with a sterile 200 ml micropipette tip followed by two gentle rinses
with PBS and an incubation under hypoxic conditions for 24 h.
Images were captured at 0 and 24 h after scratching. ImageJ software
was used to measure the migration distances. Cell proliferation was
evaluated utilizing a CCK-8 kit (MedChemExpress, Monmouth Junc-
tion, NJ) according to the manufacturer's instructions. The absorbance
of each well was measured at 450 nm using a microplate reader
(Multiskan MK33, Thermolab Systems, Helsinki, Finland).

2.12. Flow cytometry analyses

Flow cytometry samples were prepared 48 h after cells were
transfected with adenoviruses. CFs were digested with trypsin, cen-
trifuged (1000 rpm £ 5 min), washed (cold PBS), collected, and fixed
with 70% cold ethanol at 4 °C overnight. After removing the fixation
solution, cell samples were incubated at 37 °C with the propidium
iodide (PI) working solution containing 10 ml of RNase A for 30 min.
A FACScan flow cytometer (CytoFLEX) was used to analyze the cell
samples at excitation/emission wavelengths of 488/575 nm. Each
sample was analysed three times and at least three independent
experiments were performed.

2.13. Quantitative real-time PCR

Total RNA was extracted from heart tissues or CFs using TRIzol
reagent (Invitrogen) and was converted to cDNAs using the Quanti-
Tect Reverse Transcription Kit (Qiagen Co., Germany) according to
the manufacturer's protocol. All results were quantified using the
comparative CT method. The PCR primers were obtained from San-
gon Biotech, Co. (Shanghai, China), and primer sequences are listed in
Supplemental Table 3.

2.14. Ethics statement

The correlation analysis conformed to the STROBE guidelines for
observational cohort and case-control studies. A STROBE guideline
checklist is included in Supplementary Checklist 1. All patients pro-
vided written informed consent before participation in the study. The
protocol for animal experiments was carried out in accordance with
institutional animal welfare guidelines and followed the ARRIVE
guidelines for reporting animal research. An ARRIVE guideline check-
list is included in Supplementary Checklist 2. All studies were
reviewed and approved by the ethics committee of Chongqing Medi-
cal University (Number 2017�174) and conformed to the principles
outlined in the Declaration of Helsinki.

2.15. Statistical analysis

For the systematic review and meta-analysis, dichotomous data
were analysed by calculating relative risks (RRs) with 95% confidence
intervals (CIs). The presence of significant heterogeneity was assessed
using the Q-statistic, and the extent of the observed heterogeneity
was assessed using the I2 statistic. Pooled analyses were calculated
using random-effect models. We visually examined funnel plots for
primary endpoints and further assessed asymmetry using the Begg
and Egger tests to detect any publication bias. Statistical analyses
were performed using the RevMan software package (Review Man-
ager, version 5.3).

Continuous data are presented as the means and standard errors
of the means (SEM) if they were normally distributed or medians
(interquartile ranges: [IQRs)] if they were not normally distributed.
The association between serum TNAP levels and fibrosis biomarkers
was assessed using Pearson's correlation analysis. Student's t-test
was used for comparisons between two groups. One-way ANOVA fol-
lowed by Tukey comparison test was used for comparison between
at least three groups. The Kaplan�Meier product-limit estimation
method was used to estimate the survival rates of mice, and the sta-
tistical differences were compared using log-rank tests. A value of P
< 0.05 was considered significant. All data were analysed using SPSS
(version 22.0) statistical software.

2.16. Role of funding source

This study was supported by the National Natural Science Founda-
tion of China, 81,970,203; National Natural Science Foundation of
China, 31,800,976; and Chongqing Science and Health Joint Medical
Research Project, 2018QNXM024 and Natural Science Foundation of
Chongqing, cstc2018jcyjA0153. Funders did not have any role in the
study design, data collection, data analysis, interpretation, or writing
of the manuscript.

3. Results

3.1. Increased TNAP levels are associated with fibrosis level of patients
with myocardial infarction

A flow diagram of the study selection process is shown in Supple-
mental Fig. 1. After searching the main databases and performing a
detailed assessment of the full-text articles, eight studies with 14,816
individuals were included in the quantitative analysis. The baseline
characteristics of the included studies are summarized in Supple-
mental Table 4. According to the meta-analysis, a high serum TNAP
level was associated with an increased risk of all-cause mortality (RR:
1.89; 95% CI, 1.48 to 2.42; P<0.001, Fig. 1a) and cardiovascular mor-
tality (RR: 1.85; 95% CI, 1.33 to 2.59; P<0.001, Fig. 1b) in patients
with IHD. TNAP levels were also associated with an increased risk of
all-cause mortality in patients with MI (RR: 1.71; 95% CI, 1.36 to 2.16;
P<0.001, Fig. 1c). In different subgroups, serum TNAP levels were still
associated with an increased risk of all-cause mortality (Fig. 1d). A
visual inspection of funnel plots of all studies showed symmetry,
indicating a low risk of publication bias (PBegg=0.17 and PEgger=0.40,
Fig. 1e).

TNAP expression was upregulated in the heart tissue of patients
with MI. Heart tissues were obtained from donors who died from MI.
The baseline characteristics of the 5 patients are summarized in Sup-
plemental Table 5. The left ventricular tissues displayed abundant
deposition of collagen with Masson's trichrome staining (Fig. 2a).
Immunohistochemistry results showed that heart tissues with MI
exhibited significantly increased expression of TNAP and a-SMA, and
the distribution of TNAP was consistent with the distribution of
a-SMA and collagen, which suggested a potential correlation
between TNAP expression and cardiac fibrosis after MI.

Next, we measured the serum PICP, PIIINP and TNAP levels in 31
patients with MI and 28 patients without coronary artery disease
(CAD). The baseline characteristics of the included patients are
described in Supplemental Table 6. The concentrations of TNAP,
PICP and PIIINP in patients with MI were significantly higher than
those in patients without CAD (Fig. 2b-d). The TNAP level was signifi-
cantly positively correlated with the concentrations of PICP and
PIIINP (Fig. 2e-f). All these results indicated a strong relationship
between increased TNAP expression and cardiac fibrosis in humans
with MI.

3.2. TNAP expression is upregulated in mice after MI surgery

Mouse models of MI were established to represent the aforemen-
tioned cardiac fibrotic responses and investigate whether TNAP



Fig. 1. Meta-analysis of the effect of serum TNAP levels on mortality in patients with IHD. (a) The effect of serum TNAP levels on all-cause mortality in patients with IHD. (b) The
effect of serum TNAP levels on cardiovascular mortality in patients with IHD. (c) The effect of serum TNAP levels on all-cause mortality in patients with MI. (d) Subgroup analysis
according to characteristics of the include studies. (e) Funnel plots for the endpoint of all-cause mortality in patients with IHD. Meta-analyses were calculated using random-effect
models.
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Fig. 2. Increased TNAP is associated with cardiac fibrosis in patients with myocardial infarction. (a) Representative images of Masson's trichrome staining and immunohisto-
chemical staining of a-SMA and TNAP in the left ventricle from patient with MI. n = 4 per group, scale bar represents 50 mm. (b) The concentration of serum TNAP in patients with
MI. (c) The concentration of serum PICP in patients with MI. (d) The concentration of serum PIIINP in patients with MI. (e) Correlation analysis between serum TNAP level and PICP
concentration. (f) Correlation analysis between serum TNAP level and PIIINP concentration. Continuous data were expressed as mean § SEM. To-tailed unpaired Student's t-test
was used to test the difference. *P < 0.05. **P<0.01, ***P<0.001.
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expression is related to cardiac fibrosis in mice. The distribution of
TNAP was also consistent with the distribution of collagen, as evi-
denced by Masson's trichrome and immunohistochemistry (Fig. 3a).
Western blot analysis indicated that TNAP expression peaked within
14 days after MI surgery and then was maintained at parallel levels
to the activated myofibroblast marker a-SMA and collagen I deposi-
tion (Supplemental Fig. 2).

3.3. Knockdown of TNAP ameliorates cardiac fibrosis and improves
cardiac function in vivo

We generated adenovirus-mediated TNAP knockdown and nega-
tive plasmids (adv-scramble) to clarify the role of TNAP in cardiac
fibrosis following MI. The procedure for injecting mice with adenovi-
rus is shown in Fig. 3b. As expected, MI mice injected with the adv-
scramble exhibited a significantly reduced LVEF and FS and enlarged
LVIDs and LVIDd compared with mice that underwent the sham
procedure (Fig. 3c). MI mice injected with the adv-shTNAP exhibited
a significant improvement in LVEF, FS, LVIDd and LVIDs compared
with those injected with adv-scramble 14 days after MI surgery.
Additionally, TNAP knockdown was associated with a trend toward
decreasing the risk of death after MI (Fig. 3d).

TNAP knockdown reduced the infarct area of the left ventricle and
overall collagen deposition, as shown by Masson's trichrome staining
(Fig. 3e). Compared with the sham group, the concomitant expression
of vimentin and a-SMA was significantly upregulated in the MI mice
injected with the adv-scramble (Fig. 3e). However, MI mice injected
with adv-shTNAP exhibited a significant reduction in the expression
of vimentin and a-SMA compared with those injected with adv-
scramble. Western blot analysis indicated significantly reduced TNAP
expression in the mouse heart injected with adv-shTNAP (Fig. 3f).
The MI-induced expression of the Collagen I and a-SMA proteins was
significantly attenuated by the injection of adv-shTNAP, suggesting
that TNAP knockdown inhibited the activation of cardiac



Fig. 3. TNAP knockdown improves cardiac function and ameliorates cardiac fibrosis after MI surgery in vivo. (a) Representative images of Masson's trichrome staining and
immunohistochemical staining of TNAP in the left ventricle from a sham heart and from an infarcted heart at 14 days after MI surgery. n = 4 mice per group, scale bar represents
50 mm. (b) Procedure for mice injecting with adenovirus. (c) M-mode images of mice injected with or without adv-shTNAP at 14 days after MI surgery, n = 10 mice per group. Time
stamp in seconds at the bottom, scale bar in mm on the right. (d) Kaplan-Meier survival curves of mice injected with adv-scramble and adv-shTNAP after MI surgery. (e) Images of
Masson's trichrome staining and immunohistochemical staining of vimentin and a-SMA in transverse sections from an infarcted heart injection with adv-shTNAP at the 14 days
after MI surgery. n = 5 mice per group. (f) TNAP (n = 6 mice per group), Collagen I (n = 6 mice per group) and a-SMA (n = 3 mice per group) expressions in heart tissues of mice were
assessed by western blot. Data were expressed as mean § SEM. Two-tailed unpaired Student's t-test (a) or 1-way ANOVA test (c, e-f) was used to test the difference. *P<0.05,
**P<0.01, ***P<0.001.
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Fig. 4. TNAP overexpression worsens cardiac function and aggravates cardiac fibrosis after MI surgery in vivo. (a) M-mode images of mice injected with or without adv-TNAP-
OE at 14 days after MI surgery. n = 10 mice per group. Time stamp in seconds at the bottom, scale bar in mm on the right. (b) Kaplan-Meier survival curves of mice injected with
adv-GFP and adv-TNAP-OE at 14days after MI surgery. (c) Images of Masson's trichrome staining and immunohistochemical staining of vimentin and a-SMA in transverse sections
from an infarcted heart injection with adv-TNAP-OE at the 14 days after MI surgery. n = 5 mice per group. (d) TNAP (n = 6 mice per group), Collagen I (n = 6 mice per group) and
a-SMA (n = 3 mice per group) expressions in heart tissues of mice were assessed by western blot and quantified according to the immunoblots. Data were expressed as mean §
SEM. One-way ANOVA test (a, c, d) was used to test the difference. *P<0.05, **P<0.01, **P<0.001.
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myofibroblasts in vivo. Altogether, these findings suggested that
TNAP knockdown improved cardiac function and ameliorated cardiac
fibrosis after MI surgery.

3.4. Overexpression of TNAP aggravates cardiac fibrosis and worsens
cardiac function in vivo

We generated adenovirus-mediated TNAP overexpression (adv-
TNAP-OE) and negative control plasmids (adv-GFP) to elucidate the
role of TNAP overexpression in cardiac fibrosis following MI surgery.
In contrast to the findings obtained with TNAP knockdown, MI mice
injected with adv-TNAP-OE exhibited a dramatic reduction in EF and
FS, and enlarged LVIDd and LVIDs compared with those injected with
adv-GFP (Fig. 4a). Additionally, although no significant difference
was observed, TNAP overexpression exhibited a trend towards
increasing the risk of death after MI surgery (Fig. 4b).

Masson's trichrome staining showed that TNAP overexpression
aggravated the infarcted area of the left ventricle and overall collagen
deposition (Fig. 4c). Immunochemistry showed that MI mice injected
with adv-TNAP-OE exhibited dramatically upregulated expression of
vimentin and a-SMA compared with those injected with adv-GFP
(Fig. 4c). The expression of the TNAP protein was significantly
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upregulated by the adv-TNAP-OE injection. Dramatically increased
expression of a-SMA and Collagen I was observed in mice injected
with adv-TNAP-OE (Fig. 4d), suggesting that TNAP overexpression
promoted the activation of cardiac myofibroblasts in vivo. Based on
these findings, TNAP overexpression aggravated cardiac fibrosis and
worsened cardiac function in vivo after MI.

3.5. TNAP regulates cardiac fibroblast differentiation, migration and
proliferation in vitro

Cardiac fibroblasts (CFs) isolated from neonatal C57BL/6 J mice
(1�3 days) were identified by vimentin expression (Supplemental
Fig. 3). We investigated the expression of TNAP, Collagen I and TGF-
b1 in CFs at different time points after hypoxia induction (37 °C, 5%
CO2 and 1% O2) to explore optimal hypoxia time points for subse-
quent experiments. Western blot analysis showed increased expres-
sion of TNAP with a prolonged hypoxia time, and the difference was
significant at 24 h, similar to changes in the expression of a-SMA and
collagen I (Supplemental Fig. 4).

CFs were infected with adv-shTNAP followed by incubation under
hypoxic conditions for 24 h to determine whether TNAP knockdown
attenuated the hypoxia-induced activation of CFs. The efficiency of
TNAP knockdown in vitro was assessed by performing western blot
and RT-PCR assays. The expression of the TNAP protein and mRNA in
CFs was effectively blocked by adv-shTNAP transfection (Supple-
mental Fig. 5a). Hypoxia induced a remarkable increase in Collagen I
expression compared with the adv-scramble group. Similar to the
findings of the in vivo study, TNAP knockdown markedly inhibited
a-SMA and Collagen I expression (Fig. 5a), suggesting that TNAP
knockdown inhibited hypoxia-induced CF differentiation. CFs migra-
tion was measured using wound healing assays. Hypoxia significantly
induced CFs migration compared to normoxia group, and TNAP
knockdown dramatically inhibited hypoxia-induced CFs migration
(Fig. 5b). The proliferation of CFs is another essential factor contribut-
ing to the pathogenesis of cardiac fibrosis [18]. The effect of TNAP
knockdown on CFs proliferation was measured using CCK-8 assay. As
shown in Fig. 5c, TGF-b1 stimulated the proliferation of CFs, while
TNAP knockdown significantly reduced the growth rate of CFs.

The expression of the TNAP protein and mRNA in CFs was effec-
tively increased by adv-TNAP-OE transfection (Supplemental Fig.
5b). In contrast to the findings obtained from cells with TNAP knock-
down, TNAP overexpression significantly increased a-SMA and Colla-
gen I expression (Fig. 5d), suggesting that TNAP overexpression
promoted hypoxia-induced myofibroblast activation. In addition,
TNAP overexpression significantly enhanced hypoxia-induced CFs
migration (Fig. 5e). As shown in Fig. 4f, TNAP overexpression signifi-
cantly accelerated the growth rate of CFs.

3.6. TNAP functions through the TGF-b1/Smads and ERK1/2 signaling
pathways

TGF-b/Smads are the main mediators of cardiac fibrosis after MI
[19]. In vivo studies confirmed that mouse hearts exhibited a greater
TGF-b1 expression and Smad2/3 phosphorylation after MI. TNAP
knockdown suppressed these increases (Fig. 6a), while TNAP overex-
pression enhanced them (Fig. 6b). Several studies have proposed that
ERK1/2 activation is required for the proliferation of CFs [20�22]. The
levels of phosphorylated ERK1/2 in the adv-TNAP-OE MI group were
higher than those in the adv-GFP MI group, but the increase was sig-
nificantly attenuated by the injection of adv-shTNAP after MI
(Fig. 6a-b). Thus, TGF-b1/Smads and ERK1/2 signaling may mediate
the effect of TNAP on cardiac fibrosis after MI.

For further verification, CFs were cultured and transfected with
the adenovirus as described above. Hypoxia induced the expression
of TGF-b1 and the phosphorylation of Smad2/3 in CFs. Western blot-
ting showed that TNAP knockdown dramatically limited the
conversion of hypoxia-induced fibroblasts into myofibroblasts,
accompanied by the suppression of TGF-b1 expression and phos-
phorylation of Smad2/3 (Fig. 6c). In contrast, TNAP overexpression
increased the expression of TGF-b1 and the phosphorylation of
Smad2/3 induced by hypoxia (Fig. 6d). TNAP knockdown markedly
attenuated the level of phosphorylated ERK1/2 induced by TGF-b1
(Fig. 6e), while TNAP overexpression increased the level of phosphor-
ylated ERK1/2 (Fig. 6f). These findings indicated that TGF-b1/Smads
and ERK1/2 signaling were involved in the pro-fibrotic effect of TNAP
on CFs.

To future explore the mechanism by which TNAP promotes CFs
growth, we performed flow cytometry to quantify the cell cycle dis-
tribution and observed an increased number of adv-shTNAP-trans-
fected CFs in G0/G1 phase and reduced number in S phase (Fig. 7a),
but no significant change was observed in the number of cells in G2/
M phase, indicating that TNAP knockdown may induce cell cycle
arrest at the G1/S transition. TNAP knockdown also suppressed the
TGF-b1-induced expression of cyclin E1, cyclin D1 and CDK2
(Fig. 7b). In contrast, the opposite flow cytometry results were
obtained from adv-TNAP-OE-transfected CFs. The number of cells
was reduced in G0/G1 phase and increased in S phase after CFs were
transfected with adv-TNAP-OE (Fig. 7c). TNAP overexpression did not
exert a significant effect on the distribution of cells in G2/M phase.
Additionally, TNAP overexpression upregulated the TGF-b1-induced
expression of cyclin E1, cyclin D1 and CDK2 in CFs (Fig. 7d).

CFs transfected with adv-TNAP-OE were incubated with TGF-b1
and U0126 (10 mmol/L, a specific inhibitor of ERK1/2) for 24 h before
harvest to further clarify the role of the ERK1/2 signaling pathway
[20]. Western blotting showed that U0126 inhibited the expression
of the a-SMA and Collagen I proteins in adv-TNAP-OE-transfected
CFs (Fig. 8a). The proliferation of CFs induced by TNAP overexpression
was effectively blocked by U0126 (Fig. 8b). Immunofluorescence
staining showed that U0126 inhibited the expression of the vimentin
and a-SMA proteins in adv-TNAP-OE-transfected CFs (Fig. 8c). Collec-
tively, TNAP regulated CF differentiation, migration and proliferation
by activating the TGF-b1/Smads and ERK1/2 signaling pathways.

4. Discussion

Based on our data, high serum TNAP levels were associated with
an increased risk of mortality in patients with IHD and MI. The distri-
bution of TNAP is consistent with the area of a-SMA and collagen
deposition in the hearts of both humans and mice with MI. Serum
TNAP levels is positively correlated with fibrosis biomarker concen-
trations in patients with MI. In vitro studies showed that TNAP pro-
moted collagen deposition and aggravated cardiac function in mice
after MI. In contrast, TNAP knockdown alleviated cardiac fibrosis and
improved cardiac function. Mechanistically, TNAP activated the TGF-
b1/Smads and ERK1/2 signaling pathways, both of which propelled
the fibrotic process after MI. Additionally, TNAP promoted the prolif-
eration of CFs by increasing the number of cells transitioning from G1
phase to S phase.

Several clinical studies have investigated the relationship
between serum TNAP levels and mortality in IHD [7,8,23,24]. Our pre-
vious small-sample study found that serum TNAP levels may be asso-
ciated with an increased risk of in-hospital mortality [12]. In the
present study, we perform a pooled analysis of over 14, 000 patients
and found that TNAP levels were associated with increased risks of
both all-cause and cardiovascular mortality, consistent with the
results of the CARE study [7]. Interestingly, the results of the CARE
study also reported that high serum TNAP levels significantly
increased the risk of heart failure in patients with MI. Cardiac fibrosis
plays a crucial role in ventricular remodeling, heart failure and car-
diovascular mortality [2,3,25]. Serum PICP and PIIINP levels have
been confirmed to be associated with the extent of collagen type I
and type III deposition, respectively [17,26]. Here, the serum TNAP



Fig. 5. TNAP regulated cardiac fibroblasts (CFs) differentiation, migration and proliferation in vitro. (a) Cultured CFs transfected with adv-scramble or adv-shTNAP and incu-
bated with hypoxia for 24 h, the protein levels of TNAP, a-SMA and Collagen I in were measured by western blot and quantified by immunoblots. n = 6 per group. (b) Images of
scratch assay of CFs transfected with adv-scramble or adv-shTNAP and incubated with or without hypoxia for 24 h. n = 3 per group. (c) CCK-8 proliferation assay of CFs transfected
with or without adv-shTNAP and incubated with TGF-b1 (10 ng/ml) for 24 h. n = 8 per group. (d) The protein levels of TNAP, a-SMA and collagen I in cultured CFs transfected with
adv-GFP or adv-TNAP-OE were assessed by western blot. n = 6 per group. (e) Images of scratch assay of CFs transfected with adv-GFP or adv-TNAP-OE and incubated with or without
hypoxia for 24 h. n = 3 per group. (f) CCK-8 proliferation assay of primary CFs transfected with or without adv-TNAP-OE and incubated with TGF-b1 for 24 h. n = 8 per group. Data
were expressed as mean § SEM. One-way ANOVA test was used to test the difference. *P<0.05, **P<0.01, ***P<0.001.
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Fig. 6. TNAP promotes CFs activation by regulating TGF-b1/Smads and ERK1/2 signaling pathways. (a) Inhibition of TGF-b/Smads and ERK1/2 signaling in vivo in a mouse model
of MI following adv-shTNAP injection was detected and quantified via western blot. n = 3�4 per group. (b) Activation of TGF-b/Smads and ERK1/2 signaling vivo in a mouse model
of MI following adv-TNAP-OE injection was detected and quantified via western blot. n = 3�4 per group. (c) TGF-b/Smads signaling in cultured CFs transfected with adv-shTNAP for
48 h and exposed to hypoxia for 24 h, the results were measure by western blot. n = 4 per group. (d) TGF-b/Smads signaling in cultured CFs transfected with adv-TNAP-OE for 48 h
and exposed to hypoxia for 24 h, the results were measure by western blot. n = 4 per group. (e) ERK1/2 signaling in cultured CFs transfected with adv-shTNAP for 48 h and incubated
with or without TGF-b1 for 24 h. n = 4 per group. (f) ERK1/2 signaling in cultured CFs transfected with adv-TNAP-OE for 48 h and incubated with or without TGF-b1 for 24 h. n = 4
per group. Data were expressed as mean § SEM. One-way ANOVA test was used to test the difference. *P<0.05, **P<0.01, ***P<0.001.
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level was positively correlated with serum PICP and PIIINP concentra-
tions in patients with MI. The findings supported the hypothesis that
TNAP might be a potential biomarker of cardiac fibrosis after MI.

Because TNAP mutations can cause fatal congenital metabolic
defects [27], TNAP knockout mice die within 2 weeks after birth
[28,29]. The transgenic overexpression of TNAP results in generalized
arterial calcification [30], and thus these animal models cannot be
used in our experiments. Therefore, we constructed adenovirus-
mediated knockdown and overexpression TNAP plasmids to further
elucidate the potential role of TNAP in cardiac fibrosis. Consistent



Fig. 7. TNAP promotes the conversion of G1 phase to S phase and regulates the expression of cell cycle proteins in CFs. (a) Cell cycle assessed by flow cytometry after transfect-
ing with adv-shTNAP for 48 h. The percentages of each phase cells were analyzed and shown in the right panel. n = 3 per group. (b) Protein level of cyclin E1, cyclin D1 and CDK2 in
cultured CFs transfected with adv-shTNAP were measured by western blot. (c) Cell cycle assessed by flow cytometry after transfecting with adv-TNAP-OE for 48 h. The percentages
of each phase cells were analyzed and shown in the right panel. n = 3 per group. (d) Protein level of cyclin E1, cyclin D1 and CDK2 in cultured CFs transfected with adv-TNAP-OE
were measured by western blot. n = 3 per group. Data were expressed as mean§ SEM. Two-tailed unpaired Student's t-test (a, c) or 1-way ANOVA test (b, d) was used to test the dif-
ference. *P<0.05, **P<0.01, ***P<0.001.
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with previous results [12], TNAP knockdown ameliorated cardiac
fibrosis and improved cardiac function. In contrast to these findings,
TNAP overexpression aggravated collagen deposition and worsened
cardiac function after MI surgery.

The TGF-b1/Smads signaling pathway plays an important role in
the activation of CFs [19,31]. As expected, TNAP overexpression
increased the levels of TGF-b1 and phosphorylated Smad2/3,
whereas the opposite findings were observed in mice injected with
adv-shTNAP. Benedetta et al. claimed that by using TNAPcreTgfbr2fl/fl

mice and C2C12 myoblasts, TNAP resists TGF-b-dependent cardiac
fibrosis by inactivating Smad2/3 [10]. However, the findings of this
study only demonstrate that Tgfbr2 is essential for AngII-induced
fibrosis, but the evidence for TNAP-mediated suppression of cardiac
fibrosis is insufficient. Rodionov et al. reported that a mouse CAD
model with endothelial TNAP overexpression exhibited increased
cardiac fibrosis and LVEF [11]. Kermer et al. reported that TNAP



Fig. 8. The inhibition of ERK1/2 signal ameliorates the activation and proliferation of CFs. (a) The expression of a-SMA and Collagen I proteins in CFs transfected with adv-
TNAP-OE and incubated with TGF-b1 and U0126 (10 mmol/L) were measured by western blot. n = 3 per group. (b) CCK-8 proliferation assay of CFs transfected with adv-TNAP-OE
and incubated with U0126 for 24 h. n = 8 per group. (c) The expression of a-SMA and vimentin in CFs transfected with adv-TNAP-OE and incubated with TGF-b1 and U0126 were
measured by immunofluorescence. Data were expressed as mean § SEM. One-way ANOVA test was used to test the difference. *P<0.05, **P<0.01, ***P<0.001.
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promotes neural stem cell migration in vitro and possibly in vivo [32].
The results from both studies were consistent with our findings. The
same protein may plays distinct roles in different pathological pro-
cesses. Hence, we cannot entirely exclude the possibility that TNAP
may plays distinct roles in different fibrosis models, which requires
further study.

The proliferation of CFs is one of the primary mechanisms leading
to the progression of cardiac fibrosis [33]. ERK1/2 signaling is the
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major mediator of CFs proliferation [34,35]. Consistent with previous
reports [20,36], the phosphorylation of ERK1/2 was increased in the
MI mouse model. Our data suggested that TNAP overexpression
increased the phosphorylation of ERK1/2, while knockdown of TNAP
limited the activation of these proteins, which was also confirmed in
vitro. Furthermore, incubation with an ERK1/2 specific inhibitor
(U0126) attenuated the proliferation and activation of CFs induced by
TNAP overexpression. TNAP plays a vital role in hydrolysing inorganic
pyrophosphate or adenosine monophosphate to inorganic phosphate
(Pi) [37,38]. Pi plays an important role in increasing the proliferation
of various cells though ERK1/2 signaling [39,40]. This finding may
explain why TNAP promotes the proliferation of CFs. In addition, the
stimulation of ERK1/2 signaling by TNAP may be modulated by Pi-
independent mechanisms [41], but this hypothesis must be con-
firmed in the future.

The ERK1/2 signaling pathway is involved in the regulation of mul-
tiple cell cycle phases, including G1/S and G2/M transitions [42�44].
In vitro studies showed that TNAP promoted the cell cycle progression
of CFs by increasing the number of cells transitioning from G1 phase to
S phase and upregulating the expression of cell cycle regulators such
as cyclin D1, cyclin E1 and CDK2. This result is consistent with a report
showing that TNAP promotes calvarial progenitor cell cycle progres-
sion and cytokinesis via ERK1/2 signaling [41].

Our study had several limitations. First, although we examined the
role of TNAP in cardiac fibrosis by transfecting cells and heart tissues
with adv-shTNAP and adv-TNAP-OE, a more credible approach would
be to use CF-specific knockout mice. Second, if we conducted a correla-
tion analysis between serum TNAP levels and cardiac fibrosis expan-
sion confirmed by cardiac magnetic resonance imaging, the results
would be more reliable to define TNAP as a potential circulating bio-
marker of cardiac fibrosis after MI. Finally, because CFs originate from
multiple sources, we were unable to determine which origin of the CF
fibrotic reaction is mediated by TNAP, or entirely by TNAP.

In summary, we found that TNAP may be a potential regulator of
cardiac fibrosis after MI. Mechanistically, we explored the pro-fibrotic
role of TNAP in cardiac fibrosis by regulating the TGF-b1/Smads and
ERK1/2 signaling pathways. Our research provides a promising thera-
peutic target for treating cardiac fibrosis after MI.
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