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Abstract

Tumor necrosis factor-alpha (TNF-α) plays an important pathogenic role in cardiac hypertro-

phy and heart failure (HF); however, anti-TNF is paradoxically negative in clinical trials and

even worsens HF, indicating a possible protective role of TNF-α in HF. TNF-α exists in trans-

membrane (tmTNF-α) and soluble (sTNF-α) forms. Herein, we found that TNF receptor 1

(TNFR1) knockout (KO) or knockdown (KD) by short hairpin RNA or small interfering RNA

(siRNA) significantly alleviated cardiac hypertrophy, heart dysfunction, fibrosis, and inflam-

mation with increased tmTNF-α expression, whereas TNFR2 KO or KD exacerbated the

pathological phenomena with increased sTNF-α secretion in transverse aortic constriction

(TAC)- and isoproterenol (ISO)-induced cardiac hypertrophy in vivo and in vitro, respec-

tively, indicating the beneficial effects of TNFR2 associated with tmTNF-α. Suppressing

TNF-α converting enzyme by TNF-α Protease Inhibitor-1 (TAPI-1) to increase endogenous

tmTNF-α expression significantly alleviated TAC-induced cardiac hypertrophy. Importantly,

direct addition of exogenous tmTNF-α into cardiomyocytes in vitro significantly reduced

ISO-induced cardiac hypertrophy and transcription of the pro-inflammatory cytokines and

induced proliferation. The beneficial effects of tmTNF-α were completely blocked by TNFR2

KD in H9C2 cells and TNFR2 KO in primary myocardial cells. Furthermore, we demon-

strated that tmTNF-α displayed antihypertrophic and anti-inflammatory effects by activating

the AKT pathway and inhibiting the nuclear factor (NF)-κB pathway via TNFR2. Our data

suggest that tmTNF-α exerts cardioprotective effects via TNFR2. Specific targeting of

tmTNF-α processing, rather than anti-TNF therapy, may be more useful for the treatment of

hypertrophy and HF.
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Introduction

Serum levels of tumor necrosis factor-alpha (TNF-α) are elevated in patients with heart failure

(HF) [1] and are an independent predictor of poor prognosis for the disease [2]. TNF-α inhib-

its cardiac contractility [3]; provokes myocardial hypertrophy [4], ventricular remodeling, and

cardiac fibrosis; and induces cardiomyocyte apoptosis [5]. Chronic overexpression of TNF-α
in the heart leads to dilated cardiomyopathy and increases mortality rates in mice [6]. To ame-

liorate the progression of HF caused by TNF-α, TNF-α antagonism has been used. Although

anti-TNF therapies have improved cardiac function in several experimental animal models

[7], large-scale, randomized, placebo-controlled clinical trials of TNF-α antagonists for the

treatment of HF were abandoned early due to failed improvement of clinical status and mor-

tality [8,9], and in some studies, the treatment even deteriorated HF [10,11]. These data sug-

gest that TNF-α may play both protective and pathogenic roles in HF.

TNF-α exists as 2 bioactive forms, namely a 26-kDa transmembrane TNF-α (tmTNF-α)

and a 17-kDa soluble TNF-α (sTNF-α). The latter represents the extracellular domain of

tmTNF-α and can be released from the membrane-bound molecule at the cell surface through

the cleavage by a disintegrin and metalloprotease 17 (also called TNF-α-converting enzyme

[TACE]). Both forms of TNF-α are bioactive and display distinct functions [12,13]. TACE is

up-regulated in human cardiomyopathy [14]. Additionally, transgenic mice with cardiac-spe-

cific overexpression of noncleavable tmTNF-α or sTNF-α exhibit disparate cardiac pheno-

types; tmTNF-α favors concentric hypertrophy, whereas sTNF-α favors a dilated cardiac

phenotype [15,16].

Both forms of TNF-α bind 2 TNF receptors (TNFR1 and TNFR2) with different affinities

[17]. The effects of ligation with these 2 TNFRs vary in different cardiovascular diseases, such

as HF [18], atherosclerosis [19], and ischemic injury [20,21]. TNFR1 mediates almost all

known biological effects of sTNF-α in the heart, i.e., inducing hypertrophy, mediating the apo-

ptosis of neonatal cardiomyocytes, and stimulating fibroblast proliferation and collagen syn-

thesis. The function of TNFR2 is not well defined in comparison with that of TNFR1. Recent

studies have suggested that TNFR2 exhibits cardioprotective effects against the progression of

HF [18] and ischemic injury [22]. However, which ligand mediates the cardioprotective effect

of TNFR2 is unclear.

tmTNF-α is the primary ligand of TNFR2 [17], and our previous study showed that

tmTNF-α exerts anti-inflammatory and insulin-sensitizing effects in adipocytes [13]. There-

fore, we hypothesized that tmTNF-α may have protective effects via TNFR2 in cardiac hyper-

trophy and HF. To test our hypothesis, we used wild-type (WT) and different TNFR knockout

(KO) mice in a transverse aortic constriction (TAC)-induced pressure-overload hypertrophy

model and isoproterenol (ISO)-induced cardiac hypertrophy in vitro to evaluate the functions

of tmTNF-α. Our data provide important insights into the protective role of tmTNF-α in pres-

sure-overload hypertrophy and use of selective blockage of tmTNF-α shedding as a potential

therapeutic strategy in the treatment of hypertrophy and HF.

Results

Increased tmTNF-α expression is involved in the protective effects of

TNFR2 on TAC-induced cardiac hypertrophy

To investigate the effects of TNFR1 and TNFR2 on cardiac hypertrophy, TNFR1- and

TNFR2-KO mice were used for TAC-induced cardiac hypertrophy with 27G needle. TAC sur-

gery significantly elevated velocity and echocardiography-derived trans-TAC pressure gradi-

ents to a similar extent in WT, TNFR1-, and TNFR2-KO mice (S1A–S1C Fig). The survival
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after 8-h perioperative period was 75% in WT, 85% in TNFR1-KO, and 61% in TNFR2-KO

mice, respectively, and the animals died within 7 days (S1D Fig). The remaining survived mice

were killed at 2 and 4 weeks after TAC, respectively. At 2 weeks, TNFR2 KO significantly

increased TAC-induced enlargement of heart size and the ratio of heart weight to body weight

(HW/BW) (Fig 1A). This promoting effect on cardiac hypertrophy was further confirmed by

measurement of myocyte size (Fig 1B) and increased gene expression of ANP and BNP, 2

markers of cardiac hypertrophy (Fig 1C and 1D). In addition, TNFR2 KO markedly increased

TAC-induced left ventricular hypertrophy, manifested as enhanced LV mass normalized to

body weight, LVPW,d, LVAW,d, and LVID,d (S1 Table) and thus exacerbated cardiac

Fig 1. TNFR1 and TNFR2 differentially modulated cardiac hypertrophy and inflammation. WT, TNFR1-/-, and TNFR2-/- mice were subjected to

pressure overload for 2 weeks by TAC, and sham-operated mice served as controls (n = 6 per group). (A) Heart size and quantitative data of HW/BW

ratio (mg/g). Scale bar, 3 mm. (B) Representative hematoxylin and eosin-stained myocardial sections (200×) and quantitative data of myocyte area.

Quantitative RT-PCR analysis of ANP (C), BNP (D), IL-1β (G), IL-6 (H), and IL-10 (I) in myocardial tissues (n = 3 to 5 per group). (E) EF. (F) LV

+dP/dt and LV −dP/dt were determined. �P< 0.05, ��P< 0.01, ���P< 0.001 versus sham. Individual data are included in S1 Data. ANP, atrial

natriuretic peptide; BNP, brain natriuretic peptide; dP/dtmax, peak instantaneous rate of left ventricular pressure increase; dP/dtmin, peak

instantaneous rate of left ventricular pressure increase decline; EF, ejection fraction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HW/BW,

heart weight to body weight; IL, interleukin; LV, left ventricle; RT-PCR, real-time PCR; TAC, transverse aortic constriction; TNFR, TNF receptor;

WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000967.g001
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dysfunction, including decreased EF (Fig 1E) and FS (S1 Table), increased LVEDP, and

reduced LVESP (S1 Table), dP/dtmax, and dP/dtmin (Fig 1F), and promoted cardiac fibrosis

(S1E Fig) compared with those in WT mice. Furthermore, TNFR2 KO also facilitated TAC-

induced transcription of the pro-inflammatory cytokines IL-1β and IL-6, but reduced IL-10
mRNA transcription (Fig 1G–1I). In contrast, TNFR1 KO significantly ameliorated TAC-

induced cardiac hypertrophy, improved cardiac function, and decreased cardiac fibrosis and

pro-inflammatory cytokine transcription. These data suggested that TNFR1 aggravated,

whereas TNFR2 alleviated TAC-induced cardiac hypertrophy, dysfunction, and production of

pro-inflammatory cytokines.

To elucidate which form of TNF-α mediated the opposite effects of the 2 TNF receptors, we

used an antibody specific to tmTNF-α but not to sTNF-α [23] to detect expression levels of

tmTNF-α in ventricular tissue. Additionally, ELISAs were used to detect concentrations of

sTNF-α. Compared with sham controls, the expression of TNFR1, TNFR2, or both in myocar-

dial tissue and cardiomyocytes was substantially up-regulated at 2 weeks after TAC in

TNFR2-KO, TNFR1-KO, and WT mice, respectively (Fig 2A, S2A and S2B Fig). Interestingly,

TAC induced TNF-α transcription (Fig 2B), tmTNF-α expression in myocardial tissues and

cardiomyocytes, as detected by western blotting (Fig 2C) and indirect immunofluorescence

(Fig 2D, S2C Fig), and sTNF-α secretion in heart homogenates and serum (Fig 2E and 2F).

TNFR1 KO markedly increased TAC-induced tmTNF-α expression in myocardial tissue and

cardiomyocytes, but decreased sTNF-α release, suggesting that the interaction between

tmTNF-α and TNFR2 may contribute to the beneficial effects of TNFR1 KO. Conversely,

TNFR2 KO reduced tmTNF-α expression but elevated sTNF-α secretion, indicating that the

interaction of sTNF-α with TNFR1 mediated the detrimental effects of TNFR2 KO. However,

TNFR1 KO or TNFR2 KO alone did not significantly affect TAC-induced TNF-αmRNA tran-

scription (Fig 2B), indicating that both forms of TNF-α were posttranscriptionally regulated

by either type of TNFR KO.

Therefore, we evaluated the expression of TACE, an enzyme responsible for tmTNF-α
shedding, in myocardial cells by indirect immunofluorescence. Consistent with the results of

tmTNF-α processing, TAC-induced TACE expression was markedly decreased in TNFR1-KO

mice, but significantly enhanced in TNFR2-KO mice (Fig 2G, S2D Fig). To exclude the effects

of systemic TNFR KO, we injected mice with rAAV9-shRNA to specifically knockdown

TNFR1 or TNFR2 expression in myocardial tissue and cardiomyocytes (Fig 2H, S2E and S2F

Fig). Similar opposite effects of TNFR1 and TNFR2 on TAC-induced cardiac hypertrophy and

tmTNF-α processing were observed (S2 Table, Fig 2I–2N, S2G Fig). Moreover, the similar

phenomena took place again at 4 weeks, later stage of TAC-induced cardiac hypertrophy, ven-

tricular remodeling, fibrosis, and HF in WT, TNFR1-, and TNFR2-KO mice (S3A–S3L Fig, S3

Table). These data indicate that the increased expression of tmTNF-α, as a result of reduced

tmTNF-α shedding, may be involved in mediating the protective effects of TNFR2 on TAC-

induced cardiac hypertrophy.

tmTNF-α may be a primary ligand for TNFR2 to mediate its protective

effects on ISO-induced hypertrophy of H9C2 myocardial cells and primary

cardiomyocytes

To directly observe regulation of TNF-α processing in vitro following KD of TNFR1 or

TNFR2 in myocardial cells in ISO-induced hypertrophy, we used siRNA to silence the corre-

sponding genes in H9C2 myocardial cells (S4A–S4D Fig). Consistent with the in vivo results,

ISO-induced hypertrophy, including the surface area of myocardial cells (Fig 3A) and tran-

scription of ANP (Fig 3B) and BNP (Fig 3C), was markedly enhanced by TNFR2 KD but
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Fig 2. tmTNF-α processing was involved in the opposing effects of TNFR1 and TNFR2 on TAC-induced cardiac hypertrophy. WT, TNFR1-/-, and

TNFR2-/- mice were subjected to overload pressure for 2 weeks by TAC, and sham-operated mice served as controls. (A and C) Representative western

blots of TNFR1, TNFR2, and tmTNF-α in myocardial tissues and quantitative data. (B) Quantitative RT-PCR analysis of TNF-α (n = 5 per group). (D

and G) Representative images of indirect fluorescence costaining for troponin T and tmTNF-α or TACE on myocardial sections (400×). (E and F)

sTNF-α concentrations in heart homogenates and serum detected by ELISA (n = 4 to 5 per group). (H–N) BALB/c mice were injected via the tail vein

with rAAV-shTNFR1 or rAAV-shTNFR2 (1 × 1011 virion particles). rAAV-GFP served as a control. After 2 weeks, the mice were subjected to sham

operation or TAC for 14 days (n = 6 per group). (H and K) Representative western blots for TNFR1, TNFR2, and tmTNF-α in myocardial tissues and

quantitative data for tmTNF-α. (I and J) Quantitative RT-PCR analysis of ANP and BNP (n = 5 per group). (L and M) Concentrations of sTNF-α in
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reduced by TNFR1 KD. In addition, similar changes in tmTNF-α processing were also

observed in this in vitro model, showing enhanced ISO-induced tmTNF-α expression and

reduced sTNF-α secretion with down-regulation of TACE by TNFR1 KD but decreased

tmTNF-α expression and elevated sTNF-α release with up-regulation of TACE by TNFR2 KD

(Fig 3D–3F). We isolated primary myocardial cells from TNFR1- or TNFR2-KO mice and

found the similar results in ISO-induced cardiac hypertrophy (Fig 3G–3K). Notably, ISO-

induced transcription of TNF-α remained unchanged by KD or KO of TNFR (S4E and S4F

Fig). These data strongly suggested the possibility that tmTNF-α, binding to TNFR2, may be

involved in the beneficial effects of TNFR1 KD/KO, whereas sTNF-α, binding to TNFR1, may

be associated with the detrimental effects of TNFR2 KD/KO.

Suppression of TACE to increase endogenous tmTNF-α expression

alleviated TAC-induced cardiac hypertrophy

Our results suggested that the beneficial of TNFR1KD/KO was associated with increased

tmTNF-α expression, as a result of down-regulating TACE expression and thus suppressing

tmTNF-α processing. We used TACE inhibitor TAPI-1 to block tmTNF-α processing and

increase tmTNF-α expression to observe whether TAC-induced cardiac hypertrophy could be

relieved in WT mice. Consistently, inhibition of TACE by TAPI-1 significantly increased

TAC-induced tmTNF-α expression in cardiomyocytes and myocardial tissue (Fig 4A and 4C)

and markedly reduced serum levels of sTNF-α (Fig 4B). Because TACE is also responsible for

ectodomain shedding of TNFR1 and TNFR2, we detected the effects of TAPI-1 on TNFR

expression. Indeed, TAPI-1 significantly enhanced TAC-induced expression of both TNFR1

and TNFR2 (Fig 4C). Importantly, up-regulation of tmTNF-α by TAPI-1 significantly allevi-

ated TAC-induced cardiac hypertrophy and cardiac dysfunction, manifested by reduced heart

size and HW/BW ratio (Fig 4D), increased EF (Fig 4E), and decreased TAC-induced transcrip-

tion of ANP and BNP (Fig 4F and 4G). Moreover, the increased expression of tmTNF-α by

TAPI-1 inhibited IL-1β and IL-6 expression (Fig 4H and 4I) and enhanced IL-10 expression

(Fig 4J). Inhibition of TACE-mediated tmTNF-α processing by TAPI-1 ameliorated TAC-

induced cardiac hypertrophy and the production of inflammatory cytokines, indicating that

increased tmTNF-α expression and decreased sTNF-α release contributed to the beneficial

effect of suppressing tmTNF-α processing in pressure overload-induced cardiac hypertrophy.

Exogenous tmTNF-α directly protected myocardiocytes from ISO-induced

hypertrophy and promoted TACE expression via TNFR2

Our results in vivo and in vitro showing the beneficial effects of TNFR1 KD/KO with increased

tmTNF-α expression indicated that tmTNF-α might mediate the protective effects of TNFR2.

To test this hypothesis, we directly treated H9C2 cells or primary cardiomyocytes, as target

cells, with exogenous tmTNF-α expressed on fixed NIH3T3 cells at an E/T ratio of 10:1 and

sTNF-α (20 ng/mL; Fig 5A). In contrast to the aggravating effects of sTNF-α, tmTNF-α dis-

played protective effects, resulting in reduced ISO-induced hypertrophy of myocardial cells

heart homogenates and serum determined by ELISA (n = 5 per group). (N) Representative images of fluorescence immunostaining for TACE and

troponin T in myocardial sections (400×). �P< 0.05, ��P< 0.01, ���P< 0.001 versus sham. See individual data at S1 Data and underlying raw images

at S1 Raw Images. ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; DAPI, 40,6-diamidino-2-phenylindole; ELISA, enzyme-linked

immunosorbent assay; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; RT-PCR, real-time PCR; sTNF-α, soluble

TNF-α; TAC, transverse aortic constriction; TACE, TNF-α-converting enzyme; tmTNF-α, transmembrane tumor necrosis factor-alpha; TNFR, TNF

receptor; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000967.g002
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(Fig 5B); decreased ANP (Fig 5C), BNP (Fig 5D and 5H), IL-1β (Fig 5E), and IL-6 (Fig 5F and

5I) transcription, and increased IL-10 transcription (Fig 5G and 5J). Interestingly, the benefi-

cial effects of tmTNF-α were totally abolished by KD or KO of TNFR2 rather than TNFR1,

indicating that tmTNF-α exerted protective effects via TNFR2. In contrast, the promoting

Fig 3. Increased tmTNF-α expression mediated the beneficial effects of TNFR1 KD/KO. ISO (10 μM) was added to H9C2 cells for 24 h after a

24-h transfection with siRNA targeting TNFR1 or TNFR2 or to primary cardiomyocytes from WT, TNFR1-KO, or TNFR2-KO mice. DMSO served

as a vehicle control. (A) Representative images of H9C2 cells stained with Actin-Trakcer Green (200×) and quantitative data of the cell surface area.

Scale bar, 50 μm. Quantitative RT-PCR analysis of ANP (B and G), BNP (C and H), and TACE (F and K). (D and I) Representative cytograms and

quantitative data for tmTNF-α expression in cardiomyocytes detected by flow cytometry. (E and J) sTNF-α levels in supernatants of H9C2 or

primary cardiomyocytes determined by ELISA. All quantitative data represent the means ± SEs of at least 3 independent experiments. �P< 0.05,
��P< 0.01, ���P< 0.001 versus vehicle. Find individual data at S1 Data. ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; ELISA,

enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ISO, isoproterenol; KO, knockout; KD, knockdown;

RT-PCR, real-time PCR; siRNA, small interfering RNA; sTNF-α, soluble TNF-α; TACE, TNF-α-converting enzyme; tmTNF-α, transmembrane

TNF-α; TNFR, TNF receptor; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000967.g003
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effects of sTNF-α on ISO-induced hypertrophy of myocardial cells and the induction of pro-

inflammatory cytokines were entirely obstructed by TNFR1 KD/KO, implying that sTNF-α
displayed pathogenic effects via TNFR1. For the anti-inflammatory cytokine IL-10, the pro-

moting effects of tmTNF-α were prevented by TNFR2 KD/KO, but the inhibitory effects of

sTNF-α were abolished by TNFR1 KD/KO (Fig 5G and 5J).

Fig 4. Suppression of TACE alleviated TAC-induced cardiac hypertrophy. TAPI-1 (8 mg/mL) was administered to WT mice by

implantation of osmotic pumps (0.25 μL/h) directly after TAC or sham operation (n = 6 per group). (A) Representative images of tmTNF-α
fluorescence immunostaining on myocardial sections (400×) and quantitative data (n = 5 per group). (B) Serum levels of sTNF-α detected by

ELISA (n = 3 to 4 per group). (C) Western blot analysis of tmTNF-α, TNFR1, and TNFR2. (D) Heart size and quantitative data of HW/BW

ratio (mg/g). Scale bar, 3 mm. (E) Assessment of EF. (F–J), Quantitative RT-PCR analysis of ANP, BNP, IL-1β, IL-6, and IL-10 in myocardial

tissues (n = 3 to 4 per group). ��P< 0.01, ���P< 0.001 versus corresponding group in sham. Individual data can be found in S1 Data and

underlying raw images in S1 Raw Images. ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; DAPI, 40,6-diamidino-

2-phenylindole; EF, ejection fraction; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

HW/BW, heart weight to body weight; IL, interleukin; RT-PCR, real-time PCR; sTNF-α, soluble TNF-α; TAC, transverse aortic constriction;

TACE, TNF-α-converting enzyme; TAPI-1, TNF-α protease inhibitor-1; tmTNF-α, transmembrane TNF-α; TNFR, TNF receptor; WT, wild-

type.

https://doi.org/10.1371/journal.pbio.3000967.g004
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Fig 5. Exogenous tmTNF-α directly protected myocardiocytes from ISO-induced hypertrophy via TNFR2. (A) The schema of experimental

design: Exogenous sTNF-α (20 ng/mL) or tmTNF-α on fixed NIH3T3 cells was added to H9C2 cells transfected with siRNA targeting TNFR1 or

TNFR2 or to primary cardiomyocytes from WT, TNFR1-KO, or TNFR2-KO mice at an effector/target ratio of 10:1 and incubated for 24 h in the

presence of ISO (10 μM). Vector-transfected NIH3T3 cells served as a control. Ectopic expression of tmTNF-α on the surface of NIH3T3 cells

detected by flow cytometry. (B) Representative images of H9C2 cells stained with Actin-Tracker Green (200×) and quantitative data of the cell

surface area, as analyzed using Image-Pro Plus 6.0 software. Scale bar, 50 μm. Quantitative RT-PCR analysis of ANP (C), BNP (D and H), IL-1β
(E), IL-6 (F and I), and IL-10 (G and J). All quantitative data represent means ± SEs of 5 independent experiments. �P< 0.05, ��P< 0.01,
���P< 0.001 versus corresponding ISO. Individual data are included in S1 Data. ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide;
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Apoptosis is a very important mechanism for decompensation of pressure overload–

induced cardiac hypertrophy and HF [24]. Our results showed that TAC induced a few of apo-

ptotic cells detected by TUNEL at 2 weeks, which could be significantly enhanced at 4 weeks in

WT mice (S5A and S5B Fig). Importantly, TAC-induced apoptosis was remarkably inhibited

by TNFR1 KO, but facilitated by TNFR2 KO, suggesting that TNFR1 signaling mediated apo-

ptosis. sTNF-α causes apoptosis of myocardial cells [25,26], but the role of tmTNF-α is

unknown. We found that tmTNF-α-overexpressed in fixed 3T3 cells stimulated proliferation,

instead of apoptosis, in H9C2 cells, which could be effectively prevented by TNFR2 KD (S5E

and S5F Fig). In contrast, sTNF-α induced about 58% apoptosis and was highly cytotoxic to

H9C2 cells (about 73%), which could be blocked by TNFR1 KD (S5C and S5D Fig). These data

suggest that in contrast to sTNF-α-induced apoptosis through TNFR1, tmTNF-α promotes

proliferation of cardiomyocytes via TNFR2, indicating a mechanism involved in the cardio-

protective effect of tmTNF-α.

As pressure overload induces mechanical stress in myocardial cells, a 48-h mechanical

stretch was used. We found that exposure of H9C2 cells to mechanical stretch not only

induced mRNA transcription of ANP and BNP (S6A and S6B Fig) but also induced TACE
transcription and the protein expression (S6C and S6D Fig). In line with TAC- or ISO-induced

TACE expression, TNFR1 KD decreased, but TNFR2 KD increased stretch-induced TACE
mRNA transcription (S6E Fig). Because of regulating TACE expression by TNFR KD/KO,

both forms of TNF-α, as TNFR ligands, must be involved in this event. sTNF-α has been

reported to induce TACE expression, promoting soluble TNFR release [27]. Based on down-

regulation of TACE in TNFR1-KO mice with increased tmTNF-α, we hypothesized that

tmTNF-α may suppress TACE expression via TNFR2. As expected, sTNF-α alone induced

TACE transcription and protein expression and enhanced ISO-induced TACE expression in

cardiomyocytes from WT mice; both of them were completely blocked by TNFR1 KO (Fig 6A

and 6B). In contrast, tmTNF-α significantly inhibited ISO-induced TACE transcription and

protein expression in WT and TNFR1-KO cardiomyocytes, although tmTNF-α alone had no

effect. This effect of tmTNF-α was completely abolished by TNFR2 KO (Fig 6C and 6D). The

inhibitory effect of tmTNF-α on TACE expression represented another mechanism underly-

ing the protective effects of TNFR2.

tmTNF-α displays the protective effects via TNFR2 through activating

AKT pathway and suppressing NF-κB pathway

To explore the signaling pathways mediated by tmTNF-α in pressure overload–induced car-

diac hypertrophy, we examined activation of the NF-κB and AKT pathways in myocardial tis-

sues from TNFR-KO mice in vivo or in cardiomyocytes in vitro by western blotting. TAC

induced activation of NF-κB and AKT pathways. TNFR2 KO significantly augmented, but

TNFR1 KO markedly suppressed TAC-induced phosphorylation of NF-κB p65 (Fig 7A) in

myocardial tissue compared with that in WT mice. In contrast, TNFR2 KO inhibited, but

TNFR1 KO enhanced TAC-induced phosphorylation of AKT (Fig 7B). Similar results were

observed in ISO-induced cardiac hypertrophy in vitro using H9C2 cells or primary cardio-

myocytes by KD or KO of TNFR1 or TNFR2 (Fig 7C and 7D). Importantly, using TACE

inhibitor TAPI-1 to increase tmTNF-α expression significantly suppressed TAC-induced NF-

κB activation (Fig 7E) but increased AKT phosphorylation (Fig 7F) in myocardial tissues from

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL, interleukin; ISO, isoproterenol; KO, knockout; KD, knockdown; RT-PCR, real-time

PCR; siRNA, small interfering RNA; sTNF-α, soluble TNF-α; tmTNF-α, transmembrane TNF-α; TNFR, TNF receptor; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000967.g005
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WT mice. These data indicated that the protective effects of tmTNF-α may be mediated by

enhancing AKT activation and suppressing the NF-κB pathway via TNFR2.

To test this hypothesis, we added exogenous sTNF-α or tmTNF-α on NIH3T3 cells to

H9C2 cells or to primary cardiomyocytes at a ratio of 10:1 and found that tmTNF-α inhibited,

Fig 6. Down-regulation of TACE by tmTNF-α via TNFR2. Primary cardiomyocytes from WT, TNFR1-KO, or TNFR2-KO mice were treated

with ISO (10 μM) for 24 h in the presence or absence of exogenous sTNF-α (20 ng/mL) and tmTNF-α on fixed NIH3T3 cells (at an effector/target

ratio of 10:1). Vector-transfected NIH3T3 cells served as a control. (A and C) Quantitative RT-PCR analysis of TACE. (B and D) Representative

cytograms and quantitative data for TACE expression on the cell surface of cardiomyocytes detected by flow cytometry. All quantitative data

represent means ± SEs of 5 independent experiments. �P< 0.05, ��P< 0.01, ���P< 0.001 versus corresponding control. See individual data at S1

Data. FSC, Forward scatter; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ISO, isoproterenol; KO, knockout; KD, knockdown; RT-PCR,

real-time PCR; sTNF-α, soluble TNF-α; TACE, TNF-α-converting enzyme; tmTNF-α, transmembrane TNF-α; TNFR, TNF receptor; WT, wild-

type.

https://doi.org/10.1371/journal.pbio.3000967.g006
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Fig 7. tmTNF-α promoted pressure overload–induced AKT activation but inhibited the NF-κB pathway via TNFR2. Representative immunoblots

and quantitative data for phosphorylation levels of NF-κB p65 and AKT in LV tissues from WT, TNFR1-KO, and TNFR2-KO mice 2 weeks after TAC

operation (A and B) and treatment with TAPI-1 (8 mg/mL) (E and F). (C and D) Representative immunoblots for phosphorylation levels of NF-κB

p65 and AKT in H9C2 cells transfected with siRNA for TNFR or in primary cardiomyocytes from TNFR-KO mice, treated with ISO (10 μM) for 24 h.

Representative immunoblots and quantitative data for phosphorylation levels of NF-κB p65 and AKT in H9C2 cells transfected with siRNA for TNFR

(G–J) or in primary cardiomyocytes from TNFR-KO mice (K–N), treated with ISO (10 μM) and sTNF-α (20 ng/mL) or tmTNF-α on fixed NIH3T3

cells at an effector/target ratio of 10:1. All quantitative data represent means ± SEs of at least 3 independent experiments. �P< 0.05, ��P< 0.01,
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but sTNF-α promoted ISO-induced activation of the NF-κB pathway (Fig 7G, 7I, 7K, and 7L);

in contrast, tmTNF-α enhanced, but sTNF-α suppressed ISO-induced activation of the AKT

pathway (Fig 7H, 7J, 7M, and 7N). The promoting effect of tmTNF-α on the AKT pathway

and the suppressive effect of tmTNF-α on the NF-κB pathway could be completely abolished

by TNFR2 KD/KO. Conversely, the inhibitory effect of sTNF-α on AKT and the stimulatory

effect of sTNF-α on NF-κB could be entirely blocked by TNFR1 KD/KO. These data implied

that tmTNF-α displayed protective effects through activation of AKT and inhibition of NF-κB

mainly via TNFR2, whereas sTNF-α exerted pathogenic effects through inhibition of AKT and

activation of NF-κB via TNFR1.

Discussion

In the present study, we demonstrated, for the first time, that tmTNF-α was a major ligand for

TNFR2-mediated cardioprotective effects because tmTNF-α expression was increased by

TNFR1 KD/KO, and addition of exogenous tmTNF-α attenuated pressure overload–induced

cardiac hypertrophy and inflammation through activation of AKT and inhibition of NF-κB

via TNFR2. Using a TACE inhibitor to increase tmTNF-α expression attenuated TAC-induced

cardiac hypertrophy and inflammation, highlighting this molecule as a promising target for

the treatment of pressure overload–induced cardiac hypertrophy.

Consistent with previous studies [18,28], we showed that pressure overload–induced car-

diac hypertrophy and inflammation were worsened in TNFR2-KO mice, but improved in

TNFR1-KO mice, indicating harmful effects via TNFR1 and beneficial effects via TNFR2.

However, 1 report, which used a different mouse strain and experimental system, showed that

TNFR2 KO did not affect this pathological process [29]. Moreover, the specific ligands binding

to the different TNFRs, which displayed opposite functions, have not been clarified. In the

present study, we primarily found increased tmTNF-α expression and reduced sTNF-α secre-

tion in heart tissues following systemic TNFR1 KO or cardiac TNFR1 KD and converse

changes by TNFR2 KO/KD in TAC-induced cardiac hypertrophy. This phenomenon was con-

firmed again in ISO-induced cardiac hypertrophy in TNFR-KD H9C2 cells and primary cardi-

omyocytes from TNFR-KO mice. Second, our data suggest that interaction of tmTNF-α with

TNFR2 may be responsible for the anti-hypertrophic and anti-inflammatory effects of TNFR1

KO/KD, whereas the interaction of sTNF-α with TNFR1 was related to the pro-hypertrophic,

pro-apoptotic and pro-inflammatory effects of TNFR2 KO/KD. This hypothesis was supported

by the following evidences: (1) Using TACE inhibitor TAPI-1 to increase tmTNF-α expression

in WT mice significantly improved TAC-induced cardiac hypertrophy, decreased transcrip-

tion of pro-inflammatory cytokines, and enhanced IL-10 mRNA expression. Consistent with

our study, deficiency in the TACE inhibitor, tissue inhibitor of metalloproteinases-3, alone is

sufficient to result in LV dilatation, cardiomyocyte hypertrophy, and contractile dysfunction

with increased cardiac sTNF-α and sTNFR2 [30]. (2) Importantly, direct addition of exoge-

nous tmTNF-α into myocardial cell culture significantly alleviated ISO-induced cardiac hyper-

trophy and inflammatory cytokine production, and induced proliferation, rather than

apoptosis in H9C2 cells, and the beneficial effects were entirely blocked by TNFR2 KO or/and

KD; in contrast, addition of sTNF-α markedly exacerbated the pathological changes and

induced apoptosis, and these effects were completely abolished by TNFR1 KO or/and KD. It is

well known that TNFR1 mediates most pathogenic activities of sTNF-α in cardiac hypertrophy

���P< 0.001 versus shame (A and B) or vehicle (E and F) or ISO (I–N). See individual data at S1 Data and underlying raw images at S1 Raw Images.

ISO, isoproterenol; KO, knockout; LV, left ventricle; NF-κB, nuclear factor kappa B; siRNA, small interfering RNA; sTNF-α, soluble TNF-α; TAC,

transverse aortic constriction; tmTNF-α, transmembrane TNF-α; TNFR, TNF receptor; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000967.g007
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and HF [28,29]. Our data strongly suggest that tmTNF-α mediates cardiac protection via

TNFR2.

Interestingly, TAC or ISO-induced TNF-α transcription was not affected by TNFR1 or

TNFR2 KO/KD alone in vivo or in vitro, suggesting that TNF-α was regulated posttranscrip-

tionally. Our results originally revealed that TNFR1 KO/KD reduced TACE expression; as a

result, sTNF-α release was decreased with high tmTNF expression, while TNFR2 KO/KD

increased TACE expression; as a consequence, sTNF-α release was enhanced with lower

tmTNF expression in heart tissues and cardiomyocytes, suggesting that TACE, an enzyme

responsible for ectodomain shedding of tmTNF-α, played an important role. Since pressure

overload induces mechanical stress in myocardial cells, we used a 48-h mechanic stretch to

induce hypertrophy of H9C2 cells and found that mechanic stress induced TACE expression,

which was inhibited by TNFR1 KD but promoted by TNFR2 KD. Importantly, we found that

treatment with exogenous tmTNF-α significantly suppressed ISO-induced TACE transcription

and protein expression; this effect could be entirely dampened by TNFR2 KD. sTNF-α has

been reported to induce TACE expression to promote soluble TNFR release for buffer of itself

[27], we uncovered that sTNF-α-induced TACE production or sTNF-α-promoted ISO-

induced TACE expression could be completely blocked by TNFR1 KD. These data suggest

that sTNF-α positively regulates, but tmTNF-α negatively regulates TACE expression via

TNFR1 and TNFR2, respectively. Notably, elevated TACE expression is associated with

enhanced sTNF-α levels in clinical advanced congestive HF [31] and human dilated cardiomy-

opathy [14]. However, tmTNF-α alone had no effect on TACE production. The reason why

did TNFR KO/KD affect TACE expression after TAC or ISO treatment may be as follows:

Pressure overload–induced mechanical stress up-regulated TACE expression. TNFR1 KO/KD

blocked sTNF-α-mediated positive regulation leading to reduced TACE expression followed

by enhanced expression of tmTNF-α that further down-regulated pressure overload–induced

TACE expression via TNFR2. Conversely, TNFR2 KO/KD increased TACE expression by

blockage of tmTNF-α-mediated negative regulation and promotion of sTNF-α-mediated posi-

tive regulation via TNFR1.

Furthermore, our data showed that tmTNF-α exerted beneficial effects via TNFR2 through

activation of the AKT pathway, a cardioprotective signaling pathway [32–35], and inhibition

of the NF-κB pathway, which is involved in cardiac hypertrophy, adverse remodeling, and

inflammation [36–38]. First, we found that TAC- or ISO-induced NF-κB p65 phosphorylation

was suppressed, but AKT phosphorylation was enhanced by TNFR1 KO/KD, whereas the

opposite effects were observed by TNFR2 KO/KD. Second, using a TACE inhibitor to increase

tmTNF-α expression resulted in suppression of TAC-induced NF-κB p65 phosphorylation

and promotion of AKT phosphorylation. Third, the addition of exogenous tmTNF-α signifi-

cantly suppressed ISO-induced NF-κB activation but enhanced ISO-induced AKT activation;

these effects were completely blocked by TNFR2 KD/KO. Consistently, our previous study

demonstrated that tmTNF-α down-regulated IL-6 and monocyte chemotactic protein-1 pro-

duction via inactivation of the NF-κB pathway and promoted insulin-induced phosphoryla-

tion of insulin receptor substrate-1 and AKT pathway to sensitize adipocytes to insulin [13].

Because the AKT pathway facilitates the survival and proliferation of cardiomyocytes [39], this

pathway represented a cardioprotective mechanism involving tmTNF-α. Although noncleava-

ble tmTNF-α transgenic mice developed concentric hypertrophy [16], in our study, TNF-α
expression was induced by pressure overload, rather than constitutive expression, and

tmTNF-α exhibited regulatory functions.

In summary, our results suggest that tmTNF-α exhibits cardioprotective effects through

suppression of NF-κB and activation of the AKT pathway via TNFR2, in contrast to detrimen-

tal effects of sTNF-α via TNFR1 in pressure overload–induced cardiac hypertrophy (Fig 8).
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The opposing receptor-specific responses were ligand dependent [40]; hence, selective target-

ing of tmTNF-α processing, rather than anti-TNF therapy, may be more useful for the treat-

ment of hypertrophy and HF by diminishing the deleterious effects of sTNF-α while

enhancing the cardioprotective and anti-inflammatory effects of tmTNF-α.

Materials and methods

Ethics statement

Our animal studies were approved by the Institutional Animal Care and Use Committee of

Tongji Medical College, Huazhong University of Science and Technology (IACUC approval

number 2365).

Animals

Male mice (10 to 14 weeks old) were used. TNFR1-KO and TNFR2-KO BALB/c mice were a

kind gift from Prof. Zhihai Qin (National Laboratory of Biomacromolecules, Institute of

Fig 8. Schematic summary of the cardioprotective effect of tmTNF-α via TNFR2 on cardiac hypertrophy and

inflammation. In contrast to sTNF-α that exerts prohypertrophy, and pro-inflammation through activating NF-κB

pathway and inhibiting AKT pathway via TNFR1 (A), tmTNF-α displays antihypertrophy and anti-inflammation

through suppressing NF-κB pathway and activating AKT pathway via TNFR2 in pressure overload–induced cardiac

hypertrophy (B). In addition, mechanical stress induces TACE expression followed by enhanced release of sTNF-α that

increases TACE expression via TNFR1, which cleaves tmTNF-α to produce more sTNF-α to display detrimental

effects (A), whereas inhibition of TACE increases expression of tmTNF-α that down-regulates pressure overload–

induced TACE expression via TNFR2, which in turn reduces tmTNF-α processing, and consequence increases

tmTNF-α expression to display cardioprotective activities (B). IL, interleukin; NF-κB, nuclear factor-kappa B; sTNF-α,

soluble TNF-α; TACE, TNF-α-converting enzyme; tmTNF-α, transmembrane TNF-α; TNFR, TNF receptor.

https://doi.org/10.1371/journal.pbio.3000967.g008
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Biophysics Chinese Academy of Sciences, Beijing, China) [41]. WT BALB/c mice were pur-

chased from the Experimental Animal Center of Tongji Medical College. Mice were bred and

maintained under specific pathogen-free conditions and confirmed by specific primer

genotyping.

TAC in mice

TAC was performed as described previously [42]]. Briefly, after anesthesia of mice with intra-

peritoneal administration of 50-mg/kg pentobarbital, the transverse thoracic aorta was nar-

rowed to 0.41 mm in diameter by ligation using a 7–0 silk suture with an overlaid 27-gauge

needle, followed by subsequent removal of the needle. Sham animals underwent a similar sur-

gical procedure, except constriction of the aorta was not performed. Mice were killed at 2 and

4 weeks after the operation.

Osmotic pump implantation and drug treatment in vivo

Alzet pumps (type 2004, 100 μl, 0.25 μl/hr; Alzet Osmotic Pumps, Cupertino, California,

United States of America) were filled with a broad matrix metalloprotease (MMP)/adisintegrin

and metalloproteinase (ADAM) inhibitor TAPI-1 (Enzo Life Sciences, Farmingdale, New

York, USA) at a concentration of 8 mg/ml in PBS. The osmotic pumps then were kept in 0.9%

saline at 37˚C before implantation. After TAC surgery, osmotic pump was placed subcutane-

ously on the back of mice, and mice were housed individually, and the infusion lasted for 14

days.

Echocardiography

Transthoracic echocardiography was performed utilizing a Vevo770 ultrasound machine with

a 30-MHz high-frequency scan head (VisualSonics, Toronto, Canada). After inhalation anes-

thesia of isoflurance, a parasternal long-axis view was obtained for M-mode imaging. All mea-

surements were made by a trained observer blinded to the experimental groups and were

averaged over 5 consecutive cardiac cycles. Heart rate (HR), velocity, left ventricle (LV) mass,

LV internal diameter at end-diastole (LVID,d), LV posterior wall thickness at end-diastole

(LVPW,d), LV anterior wall thickness at end-diastole (LVAW,d), ejection fraction (EF), and

fractional shortening (FS) of the LV were measured.

Hemodynamics

Mice were anesthetized by intraperitoneal administration of pentobarbital at 50-mg/kg body

weight, and hemodynamic variables were evaluated with a 1.4-Fr high-fidelity SPR-839 Millar

pressure catheter (Millar Instruments, Houston, Texas, USA) advanced from the right carotid

artery via the aortic arch into the LV at the end of the study. These hemodynamic variables

included LV end-systolic pressure (LVESP), LV end-diastolic pressure (LVEDP), peak instan-

taneous rate of left ventricular pressure increase (dP/dtmax), and peak instantaneous rate of left

ventricular pressure increase decline (dP/dtmin).

Histology, collagen staining, and indirect immunofluorescence

Diseased hearts were excised, dissected free of adherent tissue, blotted dry, and weighed. A

ring of LV tissue, cut at the level of the papillary muscles, was fixed in 10% buffered formalin

and embedded in paraffin. The samples were cut into 4-μm sections and stained with hema-

toxylin and eosin for cardiomyocyte area analysis and with Sirius red for the detection of colla-

gen. Images were viewed and captured by an Olympus BH-2 light microscope (Olympus,
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Tokyo, Japan) attached to a computerized imaging system. The positive cells were counted at

×200 magnification, in 5 random fields, with the Image-Pro Plus Version 6.0 software (Media

Cybernetics, Bethesda, Maryland, USA).

Indirect immunofluorescence analysis was performed as described previously [42]. Briefly,

heart tissue sections were incubated with primary antibodies including anti-tmTNF-α (made

in house) [23], anti-TACE, anti-TNFR1, anti-TNFR2, and anti-troponin T antibodies at 37˚C

for 2 h, followed by incubation with secondary antibodies including Cy3-conjugated anti-rab-

bit immunoglobulin G (IgG) and fluorescein isothiocyanate (FITC)-conjugated anti-mouse

IgG antibodies (S4 Table). The sections were counterstained with 40,6-diamidino-2-phenylin-

dole (DAPI, Sigma-Aldrich, St. Louis, Missouri, USA). Images were viewed and captured by a

Nikon DXM1200 fluorescence microscope (Nikon, Tokyo, Japan) attached to a computerized

imaging system. The positive areas were analyzed at ×400 magnification, in 5 random fields,

with the Image-Pro Plus Version 6.0 software (Media Cybernetics).

ELISA for cytokines

The concentrations of sTNF-α in the heart homogenates, serum, and supernatants of cell cul-

ture were detected by enzyme-linked immunosorbent assay (ELISA), according to the manu-

facturer’s instructions (BioLegend, San Diego, California, USA).

Knockdown of myocardial TNFR1 or TNFR2 in vivo

Type 9 rAAVs containing the cardiac troponin T (cTnT) promoter driving the expression of

shTNFR1 (ctgcagGGAAGGAGTTCATGCGTTTcttcctgtcagaAAACGCATGAACTCCT

TCCttttggatcc), shTNFR2 (ctgcagGAACCAGTTTCGTACATGTcttcctgtcagaACATGTAC

GAAACTGGTTCttttggatcc), or green fluorescent protein (GFP) were constructed and

cotransfected with pHelper and pXX9 plasmids in human embryonic kidney 293T cells as

described previously [43]. Male BALB/c mice were injected with rAAV-shTNFR1 or rAAV-

shTNFR2 via the tail vein 1 × 1011 virion particles in 100 μl of saline solution. rAAV-GFP was

used as a control. After 2 weeks, infected mice were subjected to either sham operation or

TAC for 14 days.

Quantitative real-time PCR

Total RNA was isolated from LV tissues, primary cardiomyocytes, or H9C2 cells by TRIzol

according to the manufacturer’s instructions (TransGen Biotech, Beijing, China). cDNA was

reverse-transcribed from 1-μg RNA with the EasyScript 2-Step real-time PCR (RT-PCR)

SuperMix (TransGen Biotech, Beijing, China). Relative levels of mRNA transcripts for atrial

natriuretic peptide (ANP), brain natriuretic peptide (BNP), TNF-α, interleukin (IL)-1β, IL-6,

IL-10, TNFR1, TNFR2, and TACE were quantified by RT-PCR with the use of TransStart

Green qPCR SuperMix UDG kit (TransGen Biotech). Glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH) transcripts were used to normalize the expression levels of the target genes by

the ΔΔCt method. Primer pairs used for RT-PCR are listed in S5 Table.

Isolation of adult cardiomyocytes from TNFR-KO mice

Adult cardiomyocytes were isolated as previously described [44]. Briefly, the heart of WT,

TNFR1-/- and TNFR2-/-mice (8 weeks) were isolated and perfused with Ca2+-free bicarbon-

ate buffer using a Langendorff system at a constant pressure (100 cm H2O) at 37˚C for 3 min.

Then, collagenases B (0.5 mg/ml), collagenases D (0.5 mg/ml), and protease XIV (0.02 mg/ml)

were added to the perfusion solution for the enzymatic digestion. Cardiomyocytes were
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isolated and plated on laminin-coated dishes (1 × 104 cells/cm2). The purity of cardiomyocytes

was>95%.

Cell culture and siRNA transfection

Embryonic rat heart-derived H9C2 cells (Cell Bank, Chinese Academy of Sciences, Shanghai,

China) were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, Cali-

fornia, USA) supplemented with 10% fetal bovine serum (Invitrogen Gibco, Carlsbad, Califor-

nia, USA). H9C2 cells were seeded in 6-well culture dishes and transfected for 24 h with small

interfering RNA (siRNA) against TNFR1 (sense: 50-GUGAAGGAAUUGUUACUAAdTdT-30,

antisense: 30-dTdTCACUUCCUUAACAAUGAUU-50) or TNFR2 (sense: 50-CCAAGGA-

CAAUCUACGUAUdTdT-30, antisense: 30-dTdTGGUUCCUG UUAGAUGCAUA-50)

(Guangzhou RiboBio, Guangzhou, China) using Lipofectamine 2000 Transfection Reagent

(Invitrogen), according to the manufacturer’s instructions.

Exogenous tmTNF-α and sTNF-α stimulation

NIH3T3 cells overexpressing tmTNF-α on the cell surface were fixed in 1% paraformaldehyde

and used as the source of exogenous tmTNF-α as previously described [45]. To remove recep-

tor-bound sTNF-α, cells were treated with acid glycine buffer (Gly-NaCl, pH 3.0) for 15 min

after fixation [46].

At 24 h after transfection by siRNA, cells were treated with ISO (10 μMol/L) in the presence

or absence of recombinant rat sTNF-α (20 ng/ml, Peprotech, Cranbury, New Jersey, USA) or

tmTNF-α (10:1 ration of the fixed NIH3T3 cells versus H9C2 cells) for additional 24 h.

Immunocytofluorescence

H9C2 cells were washed with PBS and fixed in 4% paraformaldehyde for 10 min and then in

0.25% Triton-X100 for 10 min. After blocking with 5% bovine serum albumin (BSA) for 30

min, cells were incubated in Actin-Trakcer Green at 4˚C overnight, according to the manufac-

turer’s instructions (Beyotime, Shanghai, China). Then, cells were visualized with DAPI

(Sigma-Aldrich) for nuclear counter staining and subsequently observed under a Nikon

DXM1200 fluorescence microscope. Measurement of cell area was performed using Image-

Pro Plus 6.0 software (Media Cybernetics).

Flow cytometry

After stimulation, cells were washed with cold PBS and incubated with a polyclonal antibody

against TNF-α (LifeSpan BioSciences, Seattle, Washington state, USA) or TACE (ProSci, San

Diego, California, USA) for 1 h at 4˚C, followed by an FITC-labeled secondary antibody

against rabbit IgG (Jackson Biotech, West Chester, Pennsylvania, USA) (S4 Table) for 1 h at

4˚C. The expression of tmTNF-α on the cell surface was analyzed on an FACS Calibur 440E

flow cytometer (Becton Dickinson, San Jose, California, USA).

MTT assay

H9C2 cells as target cells were seeded at a density of 104 cells per well (96-well plates) and

transfected for 24 h with siRNA against TNFR1 or TNFR2. sTNF-α (20 ng/ml) or tmTNF-α
on fixed NIH3T3 cells (at an effector/target ratio of 10:1) were added and incubated for addi-

tional 24 h. Vector-transfected NIH3T3 cells served as a control. Cell viability was determined

by staining for 4 h with 30-mM glucose–PBS containing 0.5-mg/ml 3-(4,5-Dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis, Missouri, USA), followed by
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lysis with 0.1-ml DMSO. The optical density (OD) value was measured at 570 nm on a micro-

plate reader (Tecan, Groedig, Austria). Cytotoxicity or proliferation rate (%) was calculated by

the following formula: Cytotoxicity (%) = (1 − ODsample/ODcontrol) × 100%; Proliferation (%) =

(ODsample/ODcontrol) × 100%.

Apoptosis

Cell apoptosis was detected by the FITC Annexin V Apoptosis Detection Kit (BD Pharmingen,

USA) according to the manufacturer’s instructions.

Apoptosis in diseased heart tissue sections was detected using in situ FITC TUNEL Cell

Apoptosis Detection Kit (Servicebio, Wuhan, Hubei, China) according to the manufacturer’s

instructions. The sections were counterstained with DAPI.

Proliferation

Cell proliferation was determined by the EdU assay kit (Guangzhou RiboBio) according to the

manufacturer’s instructions.

Mechanical stretch

siRNA-transfected H9C2 cells were seeded in silicon-based plates precoated with collagen and

subjected to a 48-h mechanical stretch. Then, the H9C2 cells were collected for detection of

ANP, BNP, and TACE transcription.

Western immunoblotting

Western blotting was performed as described previously [47]. Briefly, total protein was

extracted by using a lysis buffer, and 50 μg/lane was subjected to electrophoresis on SDS-poly-

acrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore,

Merck KGaA, Darmstadt, Germany). The membranes were blocked in 5% nonfat milk over-

night and probed for 2 h with primary antibodies (Santa Cruz Biotechnology, Dallas, Texas,

USA) including anti-TNFR1, anti-TNFR2, anti-TNF-α, anti-nuclear factor kappa B (NF-κB)

p65 /p-p65, anti-AKT/p-AKT, and anti-GAPDH, followed by incubation with appropriate

horseradish peroxidase (HRP)-conjugated secondary antibodies (S4 Table). Proteins were

visualized using the enhanced chemiluminescence (ECL) system (Thermo Scientific) and the

Kodak Image Station 4000 MM (Eastman Kodak, Rochester, New York). Bands were quanti-

fied by a calibrated imaging densitometer (GS-710; Bio-Rad, Hercules, California) and ana-

lyzed by "Quantity One" software (Bio-Rad).

Statistical analysis

Data were statistically analyzed by 1-way or 2-way analysis of variance followed by Tukey post

hoc tests using GraphPad Prism 6.0 software (San Diego, California, USA). Differences with P
values of less than 0.05 were considered statistically significant.

Supporting information

S1 Fig. Aortic trans-TAC pressure gradients, survival, and fibrosis at 2 weeks after TAC.

WT, TNFR1-/-, and TNFR2-/- mice were subjected to pressure overload for 2 weeks by TAC,

and sham-operated mice served as controls. (A and B) Representative pulsed wave Doppler

images and quantitative data of velocity in aortic arch (n = 6 each group). (C) Peak trans-TAC

pressure gradients calculated from Doppler velocities using the Bernoulli equation. (D)

Kaplan–Meier survival curves for TAC (n = 20 each group, except TAC group in TNFR2 KO
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n = 18). (E) Fibrosis in LV tissues detected by Sirius red staining and quantitative data (n = 5,

each group). ��P< 0.01, ���P< 0.001 versus corresponding sham. See individual data at S1

Data.

(TIF)

S2 Fig. Expression of TNFR1 and TNFR2 in cardiomyocytes after TAC and shRNA KD

efficiency. WT, TNFR1-/-, and TNFR2-/- mice were subjected to pressure overload for 2 weeks

by TAC, and sham-operated mice served as controls. (A and B) Representative images of fluo-

rescence co-immunostaining for troponin T (green) and TNFR1 or TNFR2 (red) on myocar-

dial sections (400×) and quantitative data (n = 5, each group). (C and D) Quantitative data of

indirect fluorescence costaining for troponin T and tmTNF-α (in Fig 2D) or TACE (in Fig

2G) on myocardial sections (n = 5, each group). (E and F) Western blot analysis of TNFR1 and

TNR2 expression in primary myocardial cells isolated from WT mice at 2 weeks after intrave-

nous injection with troponin T promoter containing rAAV-shTNFR1, rAAV-shTNFR2, or

rAAV-GFP (1 × 1011 virion particles), and quantitative data. (G) Quantitative data of fluores-

cence immunostaining for TACE and troponin T on myocardial sections (in Fig 2N) (n = 5,

each group). �P< 0.05, ��P< 0.01, ���P< 0.001 versus sham (A-D and G) or rAAV-GFP (E

and F). See individual data at S1 Data and underlying raw images at S1 Raw Images.

(TIF)

S3 Fig. TNFR1 and TNFR2 differentially modulated cardiac hypertrophy and inflamma-

tion at 4 weeks after TAC. WT, TNFR1-/-, and TNFR2-/- mice were subjected to pressure

overload for 2 weeks by TAC, and sham-operated mice served as controls (n = 6 per group).

Quantitative RT-PCR analysis of ANP (A), BNP (B), IL-1β (C), IL-6 (D), IL-10 (E), and TNF-α
(F) in myocardial tissues. (G and H) sTNF-α concentrations in serum and heart homogenates

detected by ELISA. (I) Representative western blots of tmTNF-α in myocardial tissues and

quantitative data. (J and K) Representative images of indirect fluorescence costaining for tro-

ponin T and tmTNF-α or TACE on myocardial sections (400×) and quantitative data (n = 5

each group). (L) Representative images of fibrosis in myocardial tissues detected by Sirius red

staining and quantitative data (n = 5, each group). �P< 0.05, ��P< 0.01, ���P< 0.001 versus

sham. Individual data can be found at S1 Data and underlying raw images at S1 Raw Images.

(TIF)

S4 Fig. KD efficiency of siRNA for TNFR1 or TNFR2 and the effect of TNFR KD/KO on

ISO-induced TNF-α transcription. H9C2 cells were transfected with control, TNFR1, or

TNFR2 siRNA for indicated time points. (A and C) Quantitative RT-PCR analysis of TNFR1
and TNFR2. (B and D) Representative images and quantitative data of western blots for

TNFR1 and TNFR2 in H9C2 cells. (E and F) Quantitative RT-PCR analysis of TNF-α in H9C2

cells transfected with control, TNFR1, or TNFR2 siRNA or in primary myocardiocytes from

WT, TNFR1-KO, or TNFR2-KO mice stimulated with ISO (10 μM) for 24 h. All the quantita-

tive data represent as mean ± SE of at least 3 independent experiments. �P< 0.05, ��P< 0.01,
���P< 0.001 versus siCtrl for A-D or vehicle for E and F. Individual data are included in S1

Data and underlying raw images in S1 Raw Images.

(TIF)

S5 Fig. tmTNF-α induced proliferation but sTNF-α mediated apoptosis in cardiomyo-

cytes. (A and B) WT, TNFR1-/-, and TNFR2-/- mice were subjected to pressure overload for 2

and 4 weeks by TAC, and sham-operated mice served as controls. Representative images of

apoptosis detected by TUNEL staining in myocardial tissues and quantitative data (n = 5, each

group). (C–F) H9C2 cells transfected for 24 h with siRNA against TNFR1 or TNFR2 were cul-

tured for additional 24 h with sTNF-α (20 ng/ml) or tmTNF-α on fixed NIH3T3 cells (at an
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effector/target ratio of 10:1). Vector-transfected NIH3T3 cells served as a control. (C) Repre-

sentative cytograms of sTNF-α-induced apoptosis in H9C2 cells detected by Anexin V and

quantitative data. (D) sTNF-α-mediated cytotoxicity toward H9C2 cells determined by MTT

assay. (E) Representative images of EdU staining and quantitative data. (F) tmTNF-α-induced

proliferation of H9C2 cells detected by MTT assay. The quantitative data of C–F represent as

mean ± SE of 3 to 5 independent experiments. �P< 0.05, ��P< 0.01, ���P< 0.001 versus

shame for A and B or control for C and D or vector for E and F. Find individual data in S1

Data.

(TIF)

S6 Fig. TNFR KD regulated stretch-induced TACE expression. H9C2 cells were exposed to

stretch for 48 h. (A–C) Quantitative RT-PCR analysis of ANP, BNP, and TACE. (D) TACE

expression on the cell surface of H9C2 cells detected by flow cytometry and quantitative data.

(E) H9C2 cells transfected for 24 h with siRNA against TNFR1 or TNFR2 were exposed to

stretch for 48 h. Quantitative RT-PCR analysis of TACE. All quantitative data represent as

mean ± SE of 3 independent experiments. �P< 0.05, ��P< 0.01, ���P< 0.001 versus control.

Individual data can be found in S1 Data.

(TIF)

S1 Table. Echocardiographic and hemodynamic analysis in WT, TNFR1,-/- and TNFR2-/-

mice at 2 weeks after sham or TAC operation.

(DOCX)

S2 Table. Echocardiographic and hemodynamic analysis in mice injected with rAAV-GFP,

rAAV-TNFR1 shRNA, or rAAV-TNFR2 shRNA at 2 weeks after sham or TAC operation.

(DOCX)

S3 Table. Echocardiographic and hemodynamic analysis in WT, TNFR1-/-, and TNFR2-/-

mice at 4 weeks after sham or TAC operation.

(DOCX)

S4 Table. Antibodies used in this study.

(DOCX)

S5 Table. Primer sequences for quantitative RT-PCR.

(DOCX)

S1 Data. Data underlying Figs 1–7 and S1–S6 Figs.

(XLSX)

S1 Raw Images. Original gel and images contained in this manuscript.

(PDF)
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