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SUMMARY

Cardiac hypertrophy is an adaptive response to all forms of heart disease,
including hypertension, myocardial infarction, and cardiomyopathy. Cyclooxyge-
nase-2 (COX-2) overexpression results in inflammatory response, cardiac cell
apoptosis, and hypertrophy in adult heart after injury. However, immune
response-mediated cardiac hypertrophy and fibrosis have not been well docu-
mented in injured neonatal heart. This study showed that cardiac hypertrophy
and fibrosis are significantly attenuated in celecoxib (a selective COX-2 inhibi-
tor)-treated P8 ICR mice after cryoinjury. Molecular and cellular profiling of im-
mune response shows that celecoxib inhibits the production of cytokines and
the expression of adhesion molecular genes, increases the recruitment of M1-
like macrophage at wound site, and alleviates cardiac hypertrophy and fibrosis.
Furthermore, celecoxib administration improves cardiac function at 4weeks after
injury. These results demonstrate that COX-2 inhibition promotes the recruit-
ment of M1-like macrophages during early wound healing, which may contribute
to the suppression of cardiac hypertrophy and fibrosis after injury.

INTRODUCTION

Myocardial infarction (MI) is the leading cause of mortality. The process of MI contributes to pathological

cardiac hypertrophy, including individual cardiomyocyte enlargement and increase in left ventricular wall

thickness (Nakamura and Sadoshima, 2018). During cardiac hypertrophy, a series of pathological changes

occur, such as cardiomyocyte death, cardiacmuscle contraction, dilated cardiomyocytes, and other cardiac

diseases, which contribute to heart dysfunction. Non-regenerating mice (P7, at postnatal day 7) lack regen-

erative capacity with age; thus immune cells (e.g., CD4+ T cells, regulatory T cells, and macrophages) and

non-immune cells (e.g., cardiac fibroblast, cardiac endothelial cells, and remaining cardiomyocytes) are

important mediators of cardiac hypertrophy and fibrosis after injury (Frieler and Mortensen, 2015; Kvakan

et al., 2009; Lai et al., 2019; Ma et al., 2019). In addition, hypertrophic gene expression and inflammatory

response have been reported during cardiac fibrosis (Manabe et al., 2002). Thus, deciphering the role of im-

mune responsemediating cardiac fibrosis could provide novel insights into cardiac hypertrophy after injury.

Selective cyclooxygenase-2 inhibitors are non-steroidaal anti-inflammatory drugs belonging to the COX family

(cyclooxygenase-1 [COX-1], cyclooxygenase-2 [COX-2], and cyclooxygenase-3 [COX-3]) for acute or chronic

inflammation and pain in clinical settings (Nissen et al., 2016). Inducible COX-2 is increased in inflammatory dis-

eases, transplantation, and heart diseases with inflammation progress, such as airway inflammation (Rumzhum

and Ammit, 2016), chronic pancreatitis (Huang et al., 2019), diabetes (Robertson, 2017), hypertension (Wong

et al., 2013), cardiac allograft transplantation (Yang et al., 2000), and coronary artery disease (Chenevard

et al., 2003). Upregulated COX-2 and its products also contribute to vascular dysfunction and heart failure after

injury. In vascular endothelial cells,COX-2 inhibitor attenuatesC-reactiveprotein (CRP) and inhibits interleukin-6

(IL-6) and tissue factor production (Al-Rashed et al., 2018;(Steffel et al., 2005) Chenevard et al., 2003). In cardiac

function, COX-2 inhibitors reduce myocardial damage and inflammation after cardiac allograft transplantation

(Ma et al., 2002). Intriguingly, COX-2 inhibitors or knockout mice improve cardiac hypertrophy and dysfunction

after injury or stimulation in different adultmodels, such asMI, ischemiawith reperfusion, abdominal aortic con-

strictions, and Ang II- and aldosterone-induced cardiac hypertrophy (Camitta et al., 2001; Chi et al., 2017; Feni-

man De Stefano et al., 2016; Wu et al., 2005; Zhang et al., 2016).
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After injury, pro-inflammatory response suppresses wound healing because of the migration and recruit-

ment of many inflammatory cells at the wound site (Epelman et al., 2015). Anti-inflammatory regulatory cells

contribute to heart regeneration and cardiac cell survival, such as regulatory macrophages, Tregs, and

invariant natural killer T cells (Aurora et al., 2014; Homma et al., 2013; Sobirin et al., 2012; Zacchigna

et al., 2018). Emerging studies have shown that macrophages play a vital role in tissue regeneration after

injury (Aurora et al., 2014; Simoes et al., 2020; Wynn and Vannella, 2016). Macrophages induce angiogen-

esis after MI, promoting cardiac regeneration in mice (Aurora et al., 2014). Consequently, macrophages

enhance collagen deposition and fibrosis to scar formation in non-regenerating mice (Simoes et al.,

2020). Macrophages also secrete cytokines (TNF-a, IL-1b, and IL-10), matrix metallopeptidase, chemokines

(CCL2, CCR7, CXCL9, and CXCL10), and growth factors (transforming growth factor [TGF-b], vascular endo-

thelial growth factor, epidermal growth factor, and fibroblast growth factor) to promote or inhibit wound

healing (Braga et al., 2015; Ding et al., 2019; Mantovani et al., 2004). Interestingly, COX-2 regulates pro-in-

flammatory and anti-inflammatory responses to modulate tissue repair (Kaushik and Das, 2019; Li et al.,

2018). Recent studies have shown that celecoxib (a selective cyclooxygenase-2 inhibitor) reduces the pro-

duction of pro-inflammatory cytokines (TNF-a, IL-6, IL-1b, and IL-17), iNOS expression, and the recruitment

of F4/80 + macrophages and CD4+ T cells, thereby promoting wound healing in skin repair (Geesala et al.,

2017; Romana-Souza et al., 2016). Low levels of COX-2 and PGE2 also limit scar formation in fetal skin

wound by reducing TGF-b1 expression and suppressing inflammatory response (Wilgus et al., 2004).

Intriguingly, emerging studies demonstrated that COX-2 deficiency or inhibition can reduce myocardial

fibrosis, infarcted myocardial wall thickness, and infarct collagen density in mice (Chi et al., 2017; LaPointe

et al., 2004). In neonatal rat model, COX-2 expression is associated with endothelin-1-induced cardiac hy-

pertrophy in vitro (Li et al., 2014). Although low levels of COX-2 enhance tissue healing, promotion of scar-

free heart repair using selective COX-2 inhibition remains unclear in neonatal mice.

Also, accumulating studies have reported that neonatal mice provided an ideal model in which to demonstrate

tissue repair or regeneration because neonatal mice have remarkable regenerating or repairing capacity

compared with adult mice (Konfino et al., 2015; Mahmoud et al., 2014; Porrello et al., 2011; Xia et al., 2018). A

recent study reported that cryoinjury (CI) induced successful cardiac hypertrophy in GATA4 knockout neonatal

mice, but not apical resection injury model (Yu et al., 2016). Also, no blood loss, scaling injury size (e.g., 0.5 mm,

1.0 mm, and 2.0 mm), and reproducible results could be useful for the comparison between regenerative and

non-regenerative neonatal models in CI model (Polizzotti et al., 2015, 2016). Thus, we used CI injury neonatal

model to induce cardiac hypertrophy and fibrosis in our study. In this study, we found that celecoxib treatment

attenuated pro-inflammatory cytokine production, hypertrophic and pro-fibrotic gene expression, and adhe-

sionmolecule gene expression in neonatal non-regenerative heart followingCI.We also demonstrated that se-

lective COX-2 inhibition may induce M1-like macrophage infiltration, which improves cardiac hypertrophy and

fibrosis at the early stage of heart injury in non-regenerative mice.

RESULTS

Different hypertrophic changes during neonatal mouse regeneration

We induced CI in regenerating (P3) and non-regenerating (P8) ICR mice to investigate whether or not

different hypertrophic changes occur during heart regeneration (Figure 1A). Heart weight/body weight

(HW/BW) (mg/g) and cardiomyocyte size (mm2) were observed at 4 weeks after injury in the P3 and P8

groups. Surprisingly, the HW/BW and cardiomyocyte size of the injured P8 hearts from the border zone

significantly increased compared with those of the sham group and P3 injured hearts, and the injured P3

hearts even showed obvious scar formation (Figures 1B–1E). In line with previous studies (Cui et al.,

2020; Wang et al., 2019b), we also performed Masson’s trichrome staining to identify cardiac fibrosis. Re-

sults showed that collagen content significantly increased at 4 weeks after CI in P8 group compared with

the P3 group (Figures 1E and 1F). Furthermore, we performed severe CI (copper wire: 2 mm2) to induce

cardiac hypertrophy of P3 and P8 group, demonstrating that HW/BW (mg/g) and collagen content of P8

CI group significantly increased compared with that of sham and P3 CI group (Figures S1A–S1C). Also,

the percentage of relative wall thickness was higher in the P8 group than in the P3 group at 4 weeks after

injury (Figures S1D and S1E). These data showed that non-regenerating mice showed cardiac hypertrophic

changes and failed to regenerate in the infarct zone after injury.

Inflammatory stimuli change during neonatal mouse regeneration

To determine whether or not inflammatory stimuli are involved in cardiac hypertrophy and fibrosis, we per-

formed real-time PCR to identify the changes in inflammatory stimuli in the infarct zone between the P3 and
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Figure 1. Cardiac hypertrophy and fibrosis were induced in non-regenerative mice (P8) following CI

(A) Experimental design of cryoinfarction (cryoinjury [CI]) injury model and analysis in (B–F).

(B) Heart weight/body weight (HW/BW, mg/g) in sham, regenerating mice (P3, at postnatal day 3), and non-regenerating

mice (P8) at 4 weeks after injury.

(C) Heart tissue of sham, P3 injury, and P8 injury was cross-sectioned and stained with hematoxylin and eosin (H&E) for

analysis; scale bars: 300 mm (403 objective) and 50 mm (4003 objective);

(D) Quantification of sham, P3, and P8 cardiomyocytes at 4 weeks after injury (n = 3 per group, independent experiments

[n = 2]).

(E) Heart tissue of P3 or P8 after injury (copper wire area: 1 mm2, ICR mother mice: 4–6 weeks) was stained with Masson’s

trichrome; scale bar, 2,000 mm.

(F) Quantification of fibrosis coverage (%, 100 3 scar perimeter/total perimeter) in P3 and P8 left ventricle at 4 weeks

following CI. Data are representative of two independent experiments (n = 4–6 per group, mean G SD. *p < 0.05, **p <

0.01, ***p < 0.001)
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P8 groups at 7 days or 4 weeks after injury (primers listed in Table 1). ThemRNA and protein levels of COX-2

were significantly upregulated in the non-regenerative mice (P8) at 7 days and 4 weeks after injury (Figures

2A and 2B). The levels of IL-6, IL-10, IFN-g, IL-17, and IL-21 also increased in the P3 and P8 groups at 4 weeks

after CI compared with the sham group (Figure 2C). Meanwhile, the level of MCP-1 was significantly upre-

gulated in both groups (Figure 2D). Moreover, the expression of adhesion molecular genes (VCAM-I and

ICAM-I) was significantly increased (Figure 2D). Interestingly, the mRNA expression levels of IL-6, IL-1b, and

Table 1. Listing of primers and primer sequences for real-time PCR

No. Gene name Primer sequence (50–30)

1 COX-2 TGCTGTACAAGCAGTGGCAA

GCAGCCATTTCCTTCTCTCC

2 IFN-g TCAAGTGGCATAGATGTGGAAGAA

TGGCTCTGCAGGATTTTCATG

3 TNF-a ATTATGGCTCAGGGTCCAAC

GACAGAGGCAACCTGACCAC

4 IL-6 GACTTCCATCCAGTTGCCTT

ATGTGTAATTAAGCCTCCGACT

5 IL-1b GCTGCTTCCAAACCTTTGACC

AGCCACAATGAGTGATACTGCC

6 IL-10 ATCTTAGCTAACGGAAACAACTCCT

TAGAATGGGAACTGAGGTATCAGAG

7 IL-17 GCTGACCCCTAAGAAACCCC

GAAGCAGTTTGGGACCCCTT

8 IL-21 GGCTCTCGTTCCCACAGATG

CGTCTATAGTGTCCGGCGTC

9 VCAM-1 GCCACCCTCACCTTAATTGCT

GCACACGTCAGAACAACCGAA

10 ICAM-1 CTCACTTGCAGCACTACGG

TTCATTCTCAAAACTGACAGGC

11 MCP-1 TTAAAAACCTGGATCGGAACCAA

GCATTAGCTTCAGATTTACGGGT

12 Myh-7 TGCCCCATATATACAGCCCCT

TGGAGCCCCTTATCCCAGAG

13 Acta1 CGCCAGCCTCTGAAACTAGA

ACGATGGATGGGAACACAGC

14 Nppb (BNP) TTTGGGCTGTAACGCACTGA

CACTTCAAAGGTGGTCCCAGA

15 Nppa (ANP) CTGCTTCGGGGGTAGGATTG

CACACCACAAGGGCTTAGGA

16 TGF-b1 GGCCAGATCCTGTCCAAGC

GTGGGTTTCCACCATTAGCAC

17 TGF-b2 CTTCGACGTGACAGACGCT

GCAGGGGCAGTGTAAACTTATT

18 TGF-b3 CCTGGCCCTGCTGAACTTG

TTGATGTGGCCGAAGTCCAAC

19 TGF-br1 GAGATTCCAGCTGTTGTTCTGTTAT

CTGTACTGCACTCCCAAACTATTCT

20 GAPDH GGCATTGCTCTCAATGACAA

TGTGAGGGAGATGCTCAGTG
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ICAM-I significantly increased in the infarct zone of the P8 group than in that of the P3 group (Figures 2C

and 2D).

In addition, we identified the mRNA levels of TGF-bs (1/2/3) at 4 weeks after CI as TGF-bs (1/2/3) are impor-

tant mediators of cardiac hypertrophy and fibrosis (Kuwahara et al., 2002; Rosenkranz et al., 2002; Sakata

et al., 2008). The mRNA levels of TGF-bs (1/2/3) and TGFBR1 were upregulated in both groups at 4 weeks

Figure 2. Pro-inflammatory cytokines, chemokines, and pro-fibrotic gene expression increased in P3 and P8

groups following CI

(A) Protein levels of COX-2, TGF-b2, and Snail in sham, P3, and P8 heart were measured using western blot at 7 days post

CI, respectively;

(B–E) (B) mRNA level of COX-2 in Sham, P3, and P8 heart was measured using real-time PCR at 7 days and 4 weeks after

injury; mRNA levels of (C) cytokines, (D) chemokines (MCP-1), adhesion molecular genes (ICAM-I and VCAM-I), and (E)

pro-fibrotic genes (TGF-bs and TGFBR1) were measured using real-time PCR in Sham, P3, and P8 heart at 4 weeks after

injury. Data are representative of two independent experiments (n = 4–6 per group, mean G SD, *p < 0.05, **p < 0.01,

***p < 0.001).
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after CI, but no significant changes besides TGF-b2 were found in the infarct zone of P8 compared with P3

injured heart (Figure 2E). Furthermore, the protein levels of TGF-b2 and TGF-b signaling-induced Snail

were increased in the P8 CI group at day 7 (Figure 2A).

These data demonstrated that inflammatory stimuli were induced in regenerating and non-regenerating

hearts after injury, but IL-6, IL-1b, ICAM-I, and pro-fibrotic cytokine (TGF-b2) may be the predominant stim-

uli in cardiac hypertrophy and fibrosis after injury in non-regenerating mice. However, the resource of these

pro-inflammatory stimuli remains unclear because various cell types produce different pathological stimuli

after injury (Mahdavian Delavary et al., 2011; Manabe et al., 2002). Intriguingly, COX-2 inhibitors have been

reported in suppressing or reducing cardiac hypertrophy and fibrosis in adult rat or mice after injury (Jacob-

shagen et al., 2008; Zhang et al., 2016). Celecoxib is a selective COX-2 inhibitor that has been approved for

clinical use, and clinical trials showed that moderate doses of celecoxib exert no severe cardiovascular side

effects (Slomski, 2016).

Celecoxib treatment inhibits cardiac hypertrophy and fibrosis after CI in non-regenerating

mice

To investigate the role of celecoxib in cardiac hypertrophy and fibrosis in P8 after injury, we performed CI to

P8 ICR mice treated or untreated with celecoxib (50 mg/kg) at days 0, 1, and 2 (Figure 3A). The ratio of HW/

BW (mg/g) significantly increased in the untreated and treated P8 groups after injury compared with the

sham group at 4 weeks (Figures 3B and 3C). Surprisingly, the HW/BW ratio significantly reduced in the cel-

ecoxib-treated P8 heart compared with the DMSO-treated P8 heart after injury at 4 weeks (Figures 3B and

3C). We also quantified the size of cardiomyocytes (mm2) by using H&E and wheat germ agglutinin staining.

Similarly, the size of cardiomyocytes from the border zone in P8 heart significantly reduced after celecoxib

treatment compared with that of DMSO treatment at 4 weeks after injury, although the cardiomyocyte size

of celecoxib-treated P8 CI heart was significantly increased compared with that of the sham group (Fig-

ure 3D). Meanwhile, we performed Masson’s trichrome staining to identify the scar formation of P8 heart

treated with DMSO and celecoxib at 4 weeks after injury. Celecoxib administration significantly reduced

excessive scar formation in P8 heart (Figure 3E), which was completely different from adult heart after

myocardial ischemia-reperfusion injury (Zhu et al., 2019). These data demonstrated that selective COX-2

inhibition would inhibit the cardiac hypertrophy and scar formation of non-regenerative mice (P8) when cel-

ecoxib is administrated at the early stage of injury.

Celecoxib inhibits hypertrophic and pro-fibrotic gene expression by regulating pro-

inflammatory cytokines, chemokine (MCP-1), and adhesion molecule genes (ICAM-I and

VCAM-I) after injury in non-regenerating mice

To study the changes in hypertrophic and pro-fibrotic gene expression after myocardial injury, we analyzed

the published RNA-sequencing data in P1 and P8 at 1.5 and 7 days after MI, respectively (Wang et al.,

2019b). In line with previous study, pro-inflammatory and pro-fibrotic signaling was induced in P8 heart

compared with P1 heart at 1.5 and 7 days after injury (Wang et al., 2019b) (Figures S2A–S2C). To further

demonstrate the relationship between inflammatory response and hypertrophy response, we reanalyzed

related signaling pathways in regenerative and non-regenerative mice models at 7 days after injury. The

GeneOntology (GO) enrichment analysis showed that leukocytemigration, neutrophil migration, and cyto-

kine- and chemokine-mediated signaling pathways were significantly enriched in the context of inflamma-

tory response. Also, TGF-b signaling, PI3K-AKT signaling, extracellular matrix organization, hypertrophic

cardiomyopathy, and collage fibril organization were significantly enriched, which may contribute to car-

diac hypertrophy and fibrosis (Figure S2C). Furthermore, our bioinformatic analysis showed that the

expression levels of hypertrophic genes (e.g., BNP, Myh7, and Acta1) and pro-fibrotic genes (e.g.,TGF-

b1/2/3) significantly differed between regenerative and non-regenerative mice (Wang et al., 2019b) (Fig-

ure S2D). To study changes in hypertrophic genes, we identified cardiac hypertrophic makers through

real-time PCR (primers listed in Table 1). The mRNA levels of ANP and Acta1 increased in P3 and P8 hearts

at 7 days after injury, whereas those of BNP andMyh7 significantly increased in P8 heart at 7 days after injury

compared with the sham group (Figure 4A). Compared with DMSO group, celecoxib treatment signifi-

cantly reduced the levels of ANP, Myh7, and Acta1 in P8 heart at 7 days after injury (Figure 4A).

Next, we identified different pro-fibrotic gene expression in regenerative and non-regenerative neonatal

mice at day 7 after injury. The mRNA expression levels of TGF-b2 and TGFBR1 were higher in P8 injured

heart than in P3 injured heart at day 7, and celecoxib administration significantly reduced the mRNA levels
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of TGF-b2 and TGFBR1 (Figure 4B). Meanwhile, the protein levels of TGF-b2 and TGF-b signaling-induced

Snail were reduced after celecoxib administration at 7 days after injury (Figure 4C). These data demon-

strated that celecoxib administration inhibited pro-fibrotic gene expression in non-regenerative mice at

7 days after injury, thereby suppressing cardiac hypertrophy and fibrosis at an early stage after injury.

Figure 3. Celecoxib administration inhibited cardiac hypertrophy and fibrosis to repair injured neonatal heart in

non-regenerative mice

(A) Experimental design of DMSO treated- and celecoxib-treated heart following CI and analysis for 4 weeks in (B–E).

(B) Neonatal ICR mice were intraperitoneally (i.p.) injected with DMSO and celecoxib at 50 mg/kg per mouse 0, 1, and

2 days after CI; scale bar, 2,000 mm.

(C and D) (C) Heart weight/body weight (mg/g) and (D) size of cardiomyocytes (mm2) were measured by H&E and wheat

germ agglutinin (WGA) staining in sham, DMSO treated-, and celecoxib-treated P8mice at 4 weeks after injury; scale bars:

50 mm (4003 objective), 100 mm (2003 objective), and 200 mm (1003 objective).

(E) Fibrosis coverage (%, 100 3 scar perimeter/total perimeter) of heart tissue was measured using Masson’s trichrome

staining in DMSO treated- and celecoxib-treated P8 mice at 4 weeks after injury; scale bar, 1,000 mm. Data are

representative of two independent experiments (n = 4–6 per group, mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001).
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Immune response plays a critical role in cardiac repair and regeneration (Lai et al., 2019;Wang et al., 2019a).

The recent studies suggested that Ly6C+ monocyte subset was significantly increased within 24 h after

neonatal heart injury, and macrophages were required for neonatal heart regeneration (Aurora et al.,

2014; Wang et al., 2019b, 2020). Also, increasing studies illustrated that mRNA expression of MCP-1 was

significantly increased at different time points after skin injury, and peaked MCP-1 expression was at 3

and 5 h after injury (Bai et al., 2008; Rezvan et al., 2020). In context of atherosclerotic lesions, mRNA expres-

sion of MCP-1 was significantly upregulated at 15 weeks after consecutive celecoxib treatment compared

with the untreated group (Bea, 2003). Also, previous studies showed that PGE2, a product of COX-2, would

inhibit MCP-1 expression in vivo and in vitro (Largo et al., 2004; Schneider et al., 1999).

Thus, we performed real-time PCR and ELISA to demonstrate whetherMCP-1 was induced at the early stage of

injury in celecoxib treatment (Figure 5A). Our data showed thatmRNA levels ofMCP-1 significantly increased at

D1, D3, and D7 in celecoxib-treated P8 CI mice compared with that of Sham and DMSO-treated P8 mice (Fig-

ure 5B). The protein expression levels of MCP-1 was significantly upregulated at 3 and 7 days in celecoxib-

treated comparedwithDMSO-treatedP8CImice, but nodifferencewaspresent at 1 day after injury (Figure 5C).

Our data suggested that celecoxib treatment would upregulate MCP-1 expression, which may recruit M1-like

macrophages to repair injured heart at the early stage of injury. To evaluate the role of the anti-inflammatory

agent celecoxib on the production of inflammatory stimuli after cardiac injury, we performed western blot to

identify chemokine (MCP-1) and adhesion molecular genes (VCAM-I and ICAM-I) in the infarct/border zone

Figure 4. Celecoxib administration reduced cardiac hypertrophic and fibrotic gene expression as well as

inflammatory-related gene expression in non-regenerative mice following injury

(A and B) (A) mRNA levels of hypertrophic genes and (B) pro-fibrotic genes were analyzed in sham, P3, P8, and DMSO-

treated and celecoxib-treated P8 mice at 7 days after injury;

(C) Protein levels of pro-fibrotic genes and Snail in DMSO treated- and celecoxib-treated P8 mice were measured by

western blot at 7 days after injury, respectively. Data are representative of two independent experiments (n = 5–6 per

group, mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001).
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at 7 days after injury. We found that the protein level of VCAM-I significantly reduced, whereas that of MCP-1

slightly increased in celecoxib-treated P8 heart at 7 days after CI (Figure 5D).

These data demonstrated that COX-2 inhibition reduced the expression of inflammatory cytokines andVCAM-I

butupregulatedMCP-1,whichmaycontribute to theactivationandmigrationof immunecell after cardiac injury.

Celecoxib modulates macrophages during cardiac hypertrophy and fibrosis

Various immune cells produce cytokines, chemokines, and other pathological stimuli; the previous studies

showed that immune cell infiltration promoted cardiac hypertrophy and fibrosis (Frieler and Mortensen,

2015; Liu et al., 2019; Swirski and Nahrendorf, 2018). Accumulating evidence has shown that macrophages

were required for heart regeneration and repair (Aurora et al., 2014; Simoes et al., 2020). In the present

study, MCP-1 expression was significantly upregulated in the celecoxib-treated group at the early stage

of injury, which may regulate macrophage migration (Figures 5B and 5C).

Figure 5. Celecoxib administration inhibited inflammatory-related gene expression in non-regenerative mice

following injury

(A–D) (A) Experimental design of DMSO treated- and celecoxib-treated heart following CI and analysis for 1, 3, and 7 days

in (B–D). mRNA levels (B) or protein levels (C) of MCP-1 were measured by real-time PCR or ELISA in both groups; protein

levels of (D) chemokines and adhesion molecular genes were measured by western blot at 7 days after injury in DMSO

treated- and celecoxib-treated P8 mice. Data are representative of two independent experiments (n = 5–6 per group,

mean G SD; *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 6. Celecoxib administration increased M1-like macrophage infiltration after injury

(A) Experimental design of DMSO treated- and celecoxib-treated P8 heart following CI and analysis for 7 days in (B–H).

(B–E) (B and C) Percentage of total F4/80+ macrophages of infarct/border zones was analyzed by flow cytometry at 7 days after injury; percentage and

quantification of (D) M1-like macrophages (F480 + Ly6C high M1) and (E) M2-like macrophages (F480+ CD206+ Ly6C low M2).
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To investigate the role of macrophage in celecoxib administration during neonatal heart repair, we also

identified M1-like (F4/80+ Ly6C+) and M2-like (F4/80+ CD206+ Ly6C-) macrophages among the total

F4/80+ macrophages at 7 days after P8 heart injury (Figure 6A). We found no predominant difference in

the percentage of all F4/80+ macrophages from the infarct/border zone of the celecoxib- and DMSO-

treated groups, but the percentage of all F4/80+ macrophages from the spleen significantly reduced in

the celecoxib-treated group compared with the DMSO-treated group (Figure 6B). Surprisingly, the per-

centage and number of M1-like macrophages from the infarct/border zone of the heart and spleen signif-

icantly increased in the celecoxib-administered group compared with the DMSO-treated group (Figures

6C, 6D, 6F, and 6G). Furthermore, the percentage and number of M2-like macrophages from all F4/80+

macrophages of the spleen considerably decreased in the celecoxib-treated group compared with the

DMSO-treated group, whereas those of M2-like macrophages from the infarct/border zone of the heart

showed no significant difference in both groups (Figures 6C, 6E, 6F, and 6H).

These observations demonstrated that COX-2 inhibition may regulate myocardial macrophages and

polarize splenic macrophages to improve cardiac hypertrophy and fibrosis during the early process of

neonatal heart repair.

Celecoxib treatment improves cardiac function through inhibition of inflammation after CI

To evaluate the role of the anti-inflammatory agent celecoxib on the production of inflammatory stimuli

after cardiac injury, we performed real-time PCR to identify pro-inflammatory mediators in the infarct/

border zone at 4 weeks after injury (primers listed in Table 1). In the production of pro-inflammatory cyto-

kines, the mRNA levels of TNF-a, IFN-g, IL-6, IL-1b, IL-17, and IL-21, especially those of IL-6 and IL-1b, were

reduced after celecoxib administration (Figure 7A). Interestingly, the expression of the anti-inflammatory

cytokine IL-10 significantly reduced in P8 heart when treated with celecoxib (Figure 7A). In addition, the

mRNA levels of MCP-1, VCAM-I, and ICAM-I significantly decreased at 4 weeks after injury when treated

with celecoxib (Figure 7B).

Consequently, we evaluated the role of celecoxib treatment in cardiac function at 4 weeks after injury. Inter-

estingly, the end-diastolic volumes (EDVs), end-systolic volumes (ESVs), and intraventricular septal thick-

ness at the end diastole (IVSd) significantly decreased in the celecoxib-treated group compared with the

DMSO-treated group at 4 weeks after injury (Figures 7C and 7D). Moreover, the posterior wall thickness

at the systole of left ventricle (LVPWs) increased after injury (Figure 7D). Internal diameters at the end dias-

tole/systole (LVIDd/s), posterior wall thickness at the end diastole (LVPWd), intraventricular septal thickness

at the end systole (IVSs), ejection fraction (EF%), and fractional shortening (FS%) showed no significant dif-

ferences between the celecoxib-treated mice and the DMSO-treated mice at 4 weeks after injury (Figures

7C–7F). Thus, short time of celecoxib administration would improve cardiac function after injury.

DISCUSSION

Pathological cardiac hypertrophy is commonly induced by pathological stimuli and mechanical forces, re-

sulting in cardiomyopathy death, and cardiac fibrosis. Accumulating evidence demonstrated that COX-2 is

involved in cardiac hypertrophy and fibrosis (Chi et al., 2017; Li et al., 2014). Specific overexpression of COX-

2 contributes to cardiac hypertrophy in mice, whereas COX-2 inhibition improves angiotensin- and aldo-

sterone-induced hypertrophic response in vitro (Streicher et al., 2010; Wang et al., 2010). COX-2 expression

triggers inflammatory response, cell apoptosis, and fibrosis after injury, which aggravate brain (Dehlaghi

Jadid et al., 2019), renal (Fujihara et al., 2003), lung (Song et al., 2002), and skin (Romana-Souza et al.,

2016) injuries. Overexpression of COX-2 is involved in vascular endothelial cell dysfunction and cardiac

injury during inflammatory condition (Pang et al., 2016; Yin et al., 2017). The present study investigated

whether or not selective COX-2 inhibition suppresses cardiac hypertrophy and fibrosis by mediating mac-

rophages after injury or serves a regenerative function after injury in non-regenerative mice. We first

demonstrated that hypertrophic response was only induced in non-regenerative mice compared with se-

vere CI of regenerative mice. Although COX-2 expression was found in both groups after heart injury, the

non-regenerative mice lost their regenerative capacity compared with the regenerative mice. In addition,

Figure 6. Continued

(F–H) (F and G) Percentage and quantification of M1-like macrophages and (H) M2-like macrophages from the spleen were analyzed by flow cytometry in

both groups the same as those in the heart. Data are representative of three independent experiments (n = 3–5 per group, mean G SD, *p < 0.05, ***p <

0.001).
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the expression levels of pro-inflammatory cytokines (IL-6 and IL-1b), adhesion molecule genes (ICAM-I),

and pro-fibrotic gene expression (TGF-b2) were significantly upregulated in non-regenerative mice. This

result demonstrates that upregulated COX-2 expression could be a central mediator in immune response

during cardiac hypertrophy and fibrosis after injury.

Previous studies showed that selective COX-2 inhibitors exert a detrimental effect on cardiac vascular cells

and heart after MI, contributing to reduced production of cardioprotective PGI2 and increased infarct size

and mortality in high-dose celecoxib administration (Camitta et al., 2001; Timmers et al., 2007). Recent

Figure 7. Celecoxib improved cardiac function by inhibiting inflammatory response after injury

(A and B) (A) The mRNA levels of cytokines and (B) chemokines as well as adhesion molecular genes were measured by

real-time PCR at 4 weeks after injury in DMSO treated- and celecoxib-treated P8 mice.

(C–F) (C and D) Internal diameters (LVID), posterior wall thickness (LVPW), and intraventricular septal thickness (IVS) at the

end diastole (C) or at the end systole (D) of the left ventricle and end-diastolic/systolic volume (EDVs and ESVs) were

analyzed by a digital ultrasound system (E) at 4 weeks following cryoinjury. (F) Ejection fraction (EF%) and fractional

shortening (FS%) were measured by a digital ultrasound system, the same as that in (E). Data are representative of

mean G SD (n = 5 per group, *p < 0.05, **p < 0.01, ***p < 0.001).
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studies have demonstrated that selective COX-2 inhibitors with moderate-dose administration exert no

detrimental effects on cardiovascular disease (Beales, 2020; Schjerning et al., 2020). Meanwhile, the infarct

size of adult heart at the early stage of MI shows no significant changes in COX-2 knockout or inhibition with

celecoxib compared with that in wild-type mice (Guo et al., 2000; Zhu et al., 2019). In a cardiac hypertrophy

rat model, celecoxib inhibits inflammation and cardiac cell apoptosis after MI and subsequently improves

pressure overload-induced cardiac hypertrophy in adult heart (Zhang et al., 2016). In neonatal CI model, we

performed celecoxib treatment to non-regenerative mouse heart (P8) at the early stage of injury (D0, D1,

and D2). Our data demonstrated that cardiac hypertrophy (HW/BW, and cardiomyocyte size) and fibrosis

(fibrosis coverage [%]) significantly reduced at 4 weeks after injury in celecoxib administration. Meanwhile,

hypertrophic (ANP, Myh7, and Acta1) and pro-fibrotic (TGF-b2 and TGFBR1) gene expression reduced in

the treated group. These data suggest that celecoxib inhibited CI-induced cardiac hypertrophy and

fibrosis in non-regenerative mice.

Given its capacity to promote cardiac structure, inflammatory response plays a central mediator in cardiac

remodeling after injury (Frangogiannis, 2015; Nahrendorf et al., 2010). Recent studies have suggested that

celecoxib inhibits the recruited cell number of CD4+T cells, F/480+ macrophages, and neutrophils at

wound sites (Geesala et al., 2017; Wilgus et al., 2003). As for macrophage function, M1-like macrophages

promote pro-inflammatory response at the early stage of wound healing after injury, contributing to clear

dead cells and necrotic debris at wound sites. Consequently, M2-like macrophages play an anti-inflamma-

tory role in the late stage of wound healing by releasing cytokines, chemokines, and pro-fibrotic growth

factors, thereby regulating scar formation for tissue repair (Braga et al., 2015; Simoes et al., 2020). More

interestingly, mounting studies reported that macrophages improved heart regeneration or repair in

neonatal heart after injury, but not in adult injured heart (Aurora et al., 2014; Lavine et al., 2014). This means

that macrophages-mediated cardiac repair has different functions in neonates and adults because of

developmental and immunological difference (Li et al., 2020). Meanwhile, other groups performed trans-

versal aortic constriction (TAC) to induce adult cardiac hypertrophy, and celecoxib administration

improved pressure overload-induced hypertrophic response and inflammation in adult injury model as

well (Jacobshagen et al., 2008; Zhang et al., 2016). However, the infarct size of adult heart at 24 h after

MI showed no significant changes in COX-2 knockout or celecoxib treatment compared with that in

wild-type mice (Guo et al., 2000; Zhu et al., 2019). The difference would demonstrate that neonatal CI

model could be an ideal model to evaluate the effect of celecoxib on cardiac hypertrophy and fibrosis.

Also, accumulating studies showed that PGE2 would inhibit MCP-1 expression in vivo and in vitro (Largo

et al., 2004; Schneider et al., 1999). In the present study, MCP-1 expression was significantly upregulated af-

ter celecoxib treatment at the early stage of injury but downregulated at the later stage of injury, which may

contribute tomacrophage recruitment via CCL2/MCP-1 signaling. In addition, the recruited number or per-

centage of M1-like macrophages increased in the celecoxib-treated group compared with the DMSO-

treated group in the infarct/border zone at 7 days after injury, whereas that of M2-likemacrophages showed

no significant difference in both groups. However, polarization of M2-to-M1-like macrophages was de-

tected in the spleen after celecoxib administration. In line with a previous study (Jürgensen et al., 2019),

emerging data suggested that M1-like (F4/80+Ly6c+) macrophages have a higher capacity of collagen

and fibrin uptake for tissue repair after injury compared with M2-like macrophages and that no significant

reduction ofM2-likemacrophages can be observed. Taken together, our data demonstrated that celecoxib

can inhibit cardiac hypertrophy and fibrosis in non-regenerative mice by regulating M1-like macrophage

infiltration. COX-2 is inducible by other pathological stimuli after injury; thus the regulatory mechanism of

COX-2 should be further investigated in immune response-mediated cardiac hypertrophy and fibrosis.

Limitations of the study

CI-induced cardiac hypertrophy has been observed in neonatal mice, and CI was performed to successfully

establish cardiac hypertrophy in ICR neonatal mice. CI was only performed on ICR neonatal mice. Different

injury models and mouse strains should be considered in future studies.
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Fig S1: Cardiac hypertrophy and fibrosis were induced with severe cryoinjury in non-regenerative 

mice (P8) following CI, Related to Figure 1 

(A) Heart weight/body weight (HW/BW, mg/g) in sham, regenerating mice (P3, at postnatal day 3), and 

non-regenerating mice (P8) at 4 weeks after injury（Copper wire area: 2 mm
2
，ICR mother mice: 6-8 

weeks）; (B) Heart tissue of P3 or P8 after injury was stained with Masson’s trichrome, scale bar = 2000 μm; 

(C) Quantification of fibrosis coverage (%) in P3 and P8 left ventricle at 4 weeks following CI; (D) Masson 

Trichrome staining showing infarcted/border zone of P3 and P8 after injury, scale bar = 400μm; (E) 

Quantification of relative wall thickness (%) in P3 and P8 left ventricle at 4 weeks following CI, the formula 

of relative wall thickness(%): 100 x length of adjunctive zone /mean of the maximum of LV length plus the 

minimum of LV length. Data are representative of two independent experiments (n=4-6 per group, 

mean±SD, *P<0.05, **P<0.01, ***P<0.001) 



 

Fig S2: RNA sequencing analysis of regenerative and non-regenerative mice following MI, Related 

to Figure 4  

(A) Venn diagram showing the overlap of DEGs among the four comparisons; (B) Heatmap showing log10 

(fold change [F.C.]) of genes induced by MI. Fold change was calculated by comparing the transcription of 

each gene in MI samples over sham samples for 1.5 dpi and 7 dpi; and (C) heatmap showing selected top 

enriched GO terms and KEGG for MI inducing DEG genes; (D) violin plots showing selected most 

significantly differential-expressed genes that regulate cardiac hypertrophy and fibrosis after injury.  



Transparent Methods  

Animal procedures 

All animals were approved by the Ethics Review Committee of Guangdong Medical University in 

accordance with the principles of animal welfare from the Institutional Animal Care. All animals were 

treated and analyzed in a blinded manner.  

Drug administration 

Neonatal ICR mice were intraperitoneal (i.p.) injected with DMSO or celecoxib (Selleck Chemicals) at 50 

mg/kg per mouse at 0, 1, and 2 days after surgery. Mice were sacrificed at different time points after 

surgery. 

Neonatal mouse heart cryoinjury (CI) 

CI was performed as described in previous study (Yu et al., 2016). Briefly, neonatal mice at P3 or P8 were 

subjected to hypothermic anesthesia for 2–3 min. Mouse limbs were fixed with forceps, and 75% medical 

ethanol was applied to disinfect the surgical area. An incision (<1 cm) was made along the sternum and 

vertical of the chest muscles under a stereo microscope. After exposing the left ventricle (LV), blunt port 

copper wire (Area: 1 mm
2 
or 2 mm

2
) was frozen in liquid nitrogen and then placed on the LV (maintained 

time: ~5 s), an area of white frostbite appeared in the LV. After injury, the chest and skin were sewn up with 

sutures (8-0 and 11-0). After surgery, neonatal mice were placed under warming light. In sham groups, the 

same experimental procedures were performed as mentioned above, except liquid nitrogen was replaced 

with phosphate-buffered saline (PBS) at room temperature. 

Echocardiography 

Mice were anesthetized and maintained with 2% isofluorane in 95% oxygen. The LV systolic function was 

measured using a digital ultrasound system (VINNO6 LAB Imaging System, China) at 4 weeks following CI 

with echocardiography in mice. Echocardigraphic M- mode images were obtained from a parasternal 

short-axis view. Conventional measurements of the LV were as follows: internal diameters at end diastole 

(LVIDd) and end systole (LVIDs), posterior wall thickness (LVPWd and LVPWs), intraventricular septal 

thickness (IVSd and IVSs), end-diastolic volume and end-systolic volume (EDVs and ESVs), ejection 

fraction (EF%), and fractional shortening (FS%). All mentioned indexes were calculated for each mouse in 

a blinded manner, and nine representative contraction cycles were measured for analysis. 

Quantitative Real Time-PCR (qRT-PCR) 

Total RNA of heart tissue was extracted with TRIzol
®
 Reagent (Invitrogen, Carlsbad, CA, USA). cDNA 

samples were synthesized with cDNA Synthesis SuperMix (Takara Biotechnology, Dalian, Liaoning, China). 

For qPCR, SYBR Premix Ex Taq kit (Takara Bio Inc, Dalian, Liaoning, China) was used. Each qPCR 

reaction (20 µL) was conducted in triplicates, and the mRNA expression levels of the genes of interest 

were calculated using the 2
−ΔΔCt

 method and normalized to the housekeeping gene GAPDH. Amplification 



of cDNA was performed on a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA), 

and the sequences of the oligonucleotide primers are shown in Table 1. The PCR conditions were as 

follows: 95 °C for 1 min; 40 cycles of 95 °C for 10 s, 60°C for 30 s, and 72 °C for 10 s; 95 °C for 15 s, 60 °C 

for 15 s, and 95 °C for 15 s. 

Western blot 

Heart tissues were harvested after washing with ice-cold PBS and lysed for 30 min in ice-cold RIPA lysis 

buffer containing protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and separated by 10%–12% 

SDS-PAGE. After being transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, 

MA, USA), PVDF membranes containing protein were blocked using 5% non-fat dried milk dissolved in 

TBS (20 mM Tris-HCl, 150 mM NaCl, pH 7.6) buffer supplemented with 0.1% (vol/vol) Tween-20 at room 

temperature for 1 h. After washing, the PVDF membranes were incubated overnight at 4 ℃ with primary 

antibodies: COX-2 (CST, 12282#), Snail (CST, 3879S#), TGFβ2 (SantaCruz, 374659#), VCAM-I (CST, 

39036S#), ICAM-I (Novus, NBP2-22541), MCP-1 (Novus, NBP2-22115SS), and β-actin (CST, 4970s#). 

After incubation with secondary antibodies at room temperature for 1h, the bands were visualized with 

enhanced chemiluminescence detection reagents (Millipore, Billerica, MA, USA). The protein expression 

levels of specific gene were calculated as the relative band density to that of β-actin using ImageJ software 

(National Institute of Health, Bethesda, MD, USA). 

Enzyme-linked immunosorbent assay (ELISA) 

CI was surgically performed in the P8 heart of ICR mice treated with celecoxib and DMSO. After collecting 

heart tissue of infarcted/boarder zone at 1, 3, and 7 days following CI, heart tissues were homogenized for 

5-10 seconds and lysed for 20 min in ice-cold RIPA lysis buffer containing protease inhibitor cocktail 

(Roche, Indianapolis, IN, USA). After that, taking supernates and store samples at -70 ℃. The protein 

level of MCP-1 was measured by MCP-1 ELISA kit (RK0038, ABconal, Woburn, MA 01801), according to 

the manufacturer’s instructions. 

Immunohistochemical and immunofluorescence analysis 

Mouse hearts were perfused and fixed in 4% paraformaldehyde at 4 °C overnight. The fixed heart tissues 

were washed once with 30% sucrose and perfused in 30% sucrose at 4 °C for 48 h before embedding at 

optimal cutting temperature compound. All heart tissues were embedded in a cross-section orientation, 

and six micrometer frozen sections were prepared prior to staining with H&E (Maixin, Fuzhou, China), 

WGA-Alex 555 (Lifetech, W32464, Carlsbad, CA), and Masson’s trichrome stain (Meilun, Dalian, China) in 

accordance with the manufacturer’s instructions. 

Measurement of cell surface area 

All heart tissues were embedded in a cross-section orientation, and six micrometer frozen sections were 

prepared prior to staining with H&E (Maixin, Fuzhou, China) and WGA-Alex 555 (Lifetech, W32464, 



Carlsbad, CA) in accordance with the manufacturer’s instruments. All stained images (40×, 100×, 200×, 

and 400× magnifications) were collected under a microscope (Mshot, MF43-N, Gangzhou, China). The 

cross-sectional area of cardiomyocytes was calculated with a statistical analysis as previously described 

(Streicher et al., 2010). The size of cardiomyocytes was calculated with ImageJ software (National Institute 

of Health, Bethesda, MD, USA). 

Flow cytometry 

Heart tissues were sectioned into small fragments with sterile scissors and consequently dissociated with 

a mixed buffer of Collagenase, Type II (Lifetech, 17101015, Carlsbad, CA) and Dispase (Solarbio, 

D6430-1g, Beijing, China) at 37 ℃ for 30 min. After dissociation, the tissues were added with 10% FBS 

(Gibico, Carlsbad, CA) to stop the enzymatic action and washed once with PBS. Prepared dissociated 

single heart cells and splenocytes were incubated with 1× Red lysis buffer for 2–3 min to remove red blood 

cells (Solarbio, Beijing, China). The collected heart cells and splenocytes were washed once with PBS, 

resuspended in PBS containing 1% BSA, and then stained with fluorochrome-conjugated antibodies, 

including F4/80-APC (Biolegend, 123116, San Diego, USA), CD206-PE (Biolegend, 141705, San Diego, 

USA), and Ly6C-FITC (Biolegend, 128005, San Diego, USA). After incubation at 4℃ for 30 min in the dark, 

the cells were washed at least two times with PBS, and then analyzed using a BD FACS Aria II flow 

cytometer (Franklin Lakes, NJ, USA).  

RNA-sequencing analysis 

Raw count data of RNA-Seq were retrieved from the Gene Expression Omnibus (GEO) database 

(https://www.ncbi.nlm.nih.gov/geo) under the accession no.GSE123868 (Wang et al., 2019b). Only the 

data of P1 and P8 at 1.5 days and 7 days after injury were imported into R and differential gene expression 

analysis was performed with the R package DESeq2 (Version 1.26.0) based on the negative binomial 

distribution (Love et al., 2014). For each comparison, genes with more than 1 count in at least one sample 

were considered as expressed and were used for calculating normalization factor. Cutoff values of 

absolute fold change greater than 2.0 and false discovery rate less than 0.05 were used to select 

differentially expressed genes between sample group comparisons. Venn plot was performed with R 

package VennDiagram (Version 1.6.20). Differentially expressed genes from Venn plots were used for GO 

(Gene Ontology) enrichment analysis performed with the R package clusterProfiler (Version 3.14.3) (Yu et 

al., 2012), and the e-values of GO enrichment analysis in each group were used for heatmap plotting in R 

package pheatmap (Version 1.10.12). 

Statistics 

Experimental data are presented as the mean±S.D of biological replicates (n=4–6 per group) and 

independent experiments (n=2–3). Statistical significance between groups was calculated using a 

two-tailed Student’s t test. Statistical significance was considered at P<0.05. 
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