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ABSTRACT
NADPH oxidase 4 (NOX4) and the NOX4-related redox signaling are implicated in cardiac hypertrophy.
NOX4 is interrelated with endoplasmic reticulum stress (ERS). Spliced X-box binding protein 1 (Xbp1s) is a
key mediator of ERS while its role in cardiac hypertrophy is still poorly understood. Recently, receptor
interacting protein kinase 1(RIPK1) has been increasingly reported to be associated with ERS. Therefore,
we aimed to test the hypothesis that Xbp1s mediates NOX4-triggered cardiac hypertrophy via RIPK1
signaling. In the heart tissue of transverse aortic constriction (TAC) rats and in primary cultured neonatal
cardiomyocytes(NCMs) treated with angiotensinII(AngII) or isoproterenol (ISO), NOX4 expression and
reactive oxygen species (ROS) generation, and expression of Xbp1s as well as RIPK1-related
phosphorylation of P65 subunit of NF-kB were elevated. Gene silencing of NOX4 by specific small
interfering RNA (siRNA) significantly blocked the upregulation of NOX4, generation of ROS, splicing of
Xbp1 and activation of the RIPK1-related NF-kB signaling, meanwhile attenuated cardiomyocyte
hypertrophy. In addition, ROS scavenger (N-acetyl-L-cysteine, NAC) and NOX4 inhibitor GKT137831
reduced ROS generation and alleviated activation of Xbp1 and RIPK1-related NF-kB signaling.
Furthermore, splicing of Xbp1 was responsible for the increase in RIPK1 expression in AngII or ISO-treated
NCMs. Upregulated RIPK1 in turn activates NF-kB signaling in a kinase activity-independent manner. These
findings suggest that Xbp1s plays an important role in NOX4-triggered cardiomyocyte hypertrophy via
activating its downstream effector RIPK1, which may prove significant for the development of future
therapeutic strategies.
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Introduction

Cardiac hypertrophy, an independent risk factor of cardiac
morbidity and mortality, results from the cardiac overload,
hyperactivated neurohumoral systems and noxious metabo-
lites.1 Cardiomyocyte hypertrophy is a complex cellular reprog-
ramming process involving myriads of biomolecular
mechanisms, among which endoplasmic reticulum stress (ERS)
and reactive oxygen species (ROS) are increasingly regarded as
important mechanisms of cardiac hypertrophy.2-6

ERS, the disruption of ER homeostasis, initiates 3 major sig-
naling pathways to restore ER homeostasis. These signaling
pathways, collectively known as unfolded protein response
(UPR), comprise protein kinase RNA-like ER kinase (PERK)/
eukaryotic initiation factor 2a(eIF2a)/activating transcriptional
factor 4(ATF4), inositol-requiring protein 1a (IRE1a)/Xbp1s
and activating transcriptional factor 6 (ATF6) signaling path-
ways.7 Phosphorylation of IRE1a activates its endoribonuclease
activity to splice Xbp1 mRNA, generating spliced Xbp1
(Xbp1s) which is an important component of the UPR and a

potent nuclear transcription factor. Over the past decade, a
growing number of studies have reported that Xbp1s is
involved in a wide range of pathophysiological processes,
namely, protein folding, glycosylation, ER-associated degrada-
tion, autophagy, lipid biogenesis and insulin secretion.8,9 Of
particular note, accumulating evidence suggests that Xbp1s
exerts potential regulator effects in cardiovascular diseases,
including atherosclerosis, myocardial ischemia/reperfusion
injury, and cardiac hypertrophy.8,10 But so far, the precise func-
tions of Xbp1s in cardiomyocyte hypertrophy are still poorly
understood.

RIPK1, a signaling hub dictating the cell response to
stress,11,12 is increasingly reported to play an important role in
cardiac injury induced by ischemia and heart failure.13-15

Importantly, a few studies indicate that IRE1a and Xbp1 inter-
act with RIPK1 to promote cellular survival and growth.16,17

Moreover, our previous work has demonstrated that RIPK1
plays an important role in palmitic acid-induced cardiomyo-
cyte hypertrophy.18 Therefore, these facts raise an intriguing
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possibility that Xbp1s/RIPK1 may act as a novel signaling path-
way in the development of cardiac hypertrophy.

On the other hand, ROS-dependent modification of certain
key signaling pathways is involved in the pathogenesis of car-
diac hypertrophy.4 Among various intracellular ROS sources,
NADPH oxidases(NOXs) is the only professional ROS-generat-
ing cellular enzymes.19 NOX4, one of the predominant iso-
forms in cardiomyocytes, is primarily localized in the
membrane of intracellular compartments, such as mitochon-
dria, endoplasmic reticulum(ER) and nucleus.20 As a dedicated
ROS generator located in the membrane of ER, activated
NOX4 is interrelated with one of the specific ERS signaling
pathways under given pathological situation.21-24 Based on
aforementioned findings, we postulated that NOX4 and
NOX4-derived ROS may promote cardiac hypertrophy through
activation of Xbp1s/RIPK1 pathway.

Accordingly, this study was aimed to determine (1) whether
activation of Xbp1s is involved in NOX4-triggered cardiac
hypertrophy. If so,(2) whether RIPK1 is a downstream effector
of Xbp1s in NOX4-induced cardiac hypertrophy.

Results

Upregulation of NOX4 is required for hypertrophic stimuli-
induced cardiomyocyte hypertrophy

Firstly, we evaluated the change of NOX4 expression in TAC
rats compared with that in sham-operated rats. As shown in
Fig. 1A-1B, TAC rats showed marked cardiomyocyte hypertro-
phy with larger LVMI, DPWT, DSVT and cross sectional area.
NOX4 protein expression was increased about 4.2-fold in TAC
rats compared with sham-operated rats (Fig. 1C).

Furthermore, we determined NOX4 expression in primary
cultured NCMs treated with hypertrophic agonists (AngII
10¡5M or ISO 10¡5M for 24h). Congruent with the in vivo
results, the protein expression of NOX4 in NCMs treated with
AngII or ISO were elevated 2.5-fold and 2.2-fold compared
with untreated controls, respectively (Fig. 1E). And the hyper-
trophic markers atrial natriuretic peptide (ANP), brain natri-
uretic peptide (BNP) and b-myosin heavy chain (b-MHC)
were moderately increased in cardiomyocytes treated with
AngII or ISO (Fig. 1D). Flow cytometry (FCM) analysis showed
that, the number of dichlorofluorescein(DCF) positive cells in
AngII or ISO group was markedly increased compared with
that in the control group, indicating that ROS generation was
significantly increased in AngII or ISO groups, in parallel with
the increase in NOX4 expression (Fig. 1F). In addition, immu-
nofluorescence staining demonstrated that NOX4 expression in
NCMs treated with AngII or ISO was approximately increased
2-fold compared with that in controls (Fig. 1G). The surface
areas of NCMs exposed to AngII or ISO was also increased
about 2-fold compared with that of controls (Fig. 1H).

We then evaluated whether NOX4 promoted cardiomyocyte
hypertrophy induced by AngII or ISO. As shown in Fig. 2B-
2D, genetic silencing of NOX4 inhibited the elevation of NOX4
expression in NCMs exposed to AngII or ISO by up to 70%
and reduced the number of DCF positive cells by about 50%.
Moreover, NOX4 silencing significantly decreased the surface
areas and the expression of the hypertrophic markers in NCMs

exposed to AngII or ISO (Fig. 2E-2F). These results indicated
that NOX4 and NOX4-derived ROS play a critical role in the
hypertrophic stimuli-induced cardiomyocyte hypertrophy.

NOX4 activates Xbp1s in hypertrophic stimuli-induced
myocardial hypertrophy

In order to investigate whether Xbp1s is a potential signaling
molecule through which NOX4 promotes the cardiomyocyte
hypertrophy, we first studied the effects of NOX4 on ERS sig-
naling in NCMs. As shown in Fig. 3A, protein levels of Grp78,
Xbp1s and ATF4, as ERS markers, were significantly increased
in the heart. However, protein level of ATF6 was unaltered.
Consistent with our observation in vivo, the levels of Xbp1s
expression were elevated 4 to 5 folds in AngII or ISO-treated
NCMs compared with that in untreated controls. Expression of
ATF4 was elevated nearly 2 folds in NCMs treated with AngII
or ISO (Fig. 3B). Gene silencing of NOX4 in NCMs treated
with AngII or ISO inhibited the upregulation of Grp78 and
Xbp1s by up to 60% and 80%, respectively (Fig. 3C). These
results indicated that Xbp1s was activated by NOX4 upon
hypertrophic stimuli.

Because the primary ROS product of NOX4 is H2O2, we
used H2O2, N-acetyl-L-cysteine, (NAC, a ROS scavenger) and
GKT137831 (a NOX4 inhibitor) to assess whether NOX4 regu-
lated above-described signaling pathways through its ROS
product. As demonstrated in Fig. 3D, the protein level of
Grp78 and Xbp1s in NCMs exposed to H2O2 was elevated 4-
fold and 2-fold, respectively, compared with that in NCMs in
control group. Moreover, NAC and GKT137831 significantly
blunted the upregulation of Grp78 and Xbp1s in NCMs treated
with AngII or ISO(Fig. 3D).

We next determined whether activation of Xbp1s signaling
was responsible for cardiomyocyte hypertrophy. As expected,
the surface areas of NCMs transfected with Xbp1 siRNA in the
presence of AngII or ISO were decreased by almost 50% com-
pared with the cells transfected with negative control siRNA
(Fig. 3F). These observations suggest that activation of Xbp1s
signaling is essential to hypertrophic stimuli-induced cardio-
myocyte hypertrophy.

NOX4 activates the RIPK1-related NF-kB signaling
pathways in hypertrophic stimuli-induced myocardial
hypertrophy

In the heart tissue of TAC rats, the expression of RIPK1 was
increased by almost 3.5 folds compared with that of sham-
operated rats (Fig. 4A). Moreover, NF-kB was activated, as
shown by the increased phosphorylation of P65 subunit of NF-
kB (Fig. 4A). In NCMs, AngII or ISO upregulated the expres-
sion of RIPK1 and activated NF-kB signaling by strikingly 5 to
7 folds (Fig. 4B). Notably, gene silencing of NOX4 by specific
siRNA effectively inhibited the upregulation of RIPK1 and
phosphorylation of P65 subunit of NF-kB by up to 70% in
NCMs treated with AngII or ISO (Fig. 4C), indicating that
NOX4 is required for the activation of downstream RIPK1 and
NF-kB signaling pathway.

We also tested whether the RIPK1-related NF-kB signal-
ing was activated in NCMs exposed to H2O2, and
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Figure 1. NOX4 expression was increased in cardiac hypertrophy. (A) Echocardiographic analysis for cardiac hypertrophic indicators(DPWT, DVST, LVMI) in rats 4 weeks
after TAC or sham surgery. (B) H&E staining for cross sectional area of caridomyocytes in TAC rats and sham-operated rats. (C) Western blotting analysis for NOX4 expres-
sion in heart tissue of TAC or sham-operated rats. (D) mRNA expression of NOX4 and hypertrophic markers(ANP, BNP and b-MHC) in NCMs treated with AngII (10¡5M for
24h, Top) or ISO(10¡5M for 24h, Bottom). (E) Western blotting analysis for NOX4 in NCMs treated with AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom). (F) FCM
analysis for ROS generation in NCMs treated with AngII (10¡5M for 24h) or ISO (10¡5M for 24h). (G) Immunofluorescent staining for NOX4 expression (red) in NCMs
treated with AngII (10¡5M for 24h) or ISO (10¡5M for 24h). (H) Surface area determination for NCMs treated with AngII (10¡5M for 24h) or ISO (10¡5M for 24h). Error bars
indicate SEM. n D 6 for A–C and n D 4 for D-H. The fluorescent micrograph is representative of cells from 4 independent visual fields. � indicates P<0.05 versus control
group.
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deactivated by NAC and GKT137831. As demonstrated in
Fig. 4D, P65 subunit phosphorylation of NF-kB was
enhanced in NCMs exposed to AngII, ISO or H2O2, in line
with the elevated protein level of RIPK1. Furthermore,

NAC blunted the P65 subunit phosphorylation of NF-kB
and upregulation of RIPK1 in NCMs treated with AngII,
ISO or H2O2. Similar results were obtained in NCMs pre-
treated with GKT137831(Fig. 4D).

Figure 2. Silencing of NOX4 by specific siRNA ameliorated cardiomyocyte hypertrophy in vitro. (A) Western blotting analysis for NOX4 in NCMs transfected with siRNA. si-
Con, siNOX4-1 and siNOX4-2 group indicate negative control group, NOX4 siRNA groups respectively. � indicates P<0.05 vs. si-Con. (B) Western blotting analysis for
NOX4 protein expression in NCMs in the presence or absence of AngII(10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom) after transfected with si-Con or siNOX4. � indi-
cates P<0.05 vs. si-Con; # indicates P<0.05 vs. si-ConCAngII or si-ConCISO. (C) Immunofluorescence staining for NOX4 expression in NCMs in the presence or absence of
AngII(10¡5M for 24h) or ISO (10¡5M for 24h) after transfected with si-Con or siNOX4. � indicates P<0.05 vs. si-Con; # indicates P<0.05 vs. si-ConCAngII or si-ConCISO. (D)
FCM analysis for ROS generation in NCMs in the presence or absence of AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom) after transfected with si-Con or siNOX4.
� indicates P<0.05 vs. si-ConCAngII or si-ConCISO. (E) mRNA expression of NOX4 and hypertrophic markers in NCMs in the presence or absence of AngII (10¡5M for 24h,
Top) or ISO(10¡5M for 24h, Bottom) after transfected with siNOX4. � indicates P<0.05 vs. si-ConCAngII or si-ConCISO. (F) Surface area determination of NCMs treated
with AngII (10¡5M for 24h) or ISO (10¡5M for 24h) after transfected with si-Con or siNOX4. � indicates P<0.05 vs. si-Con; # indicates P<0.05 vs. si-ConCAngII or si-
ConCISO. n D 4 for A-F. The fluorescent micrograph is representative of cells from 4 independent visual fields.
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Figure 3. NOX4 activated Xbp1s in cardiac hypertrophy. (A) Western blotting analysis for Xbp1s in rats 4 weeks after TAC or sham surgery. n D 6. � indicates P<0.05 vs.
sham-operated group. (B) Western blotting analysis for Xbp1s in NCMs treated with AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom). n D 4. � indicates P<0.05
vs. control. (C) Western blotting analysis for Xbp1s in NCMs in the presence or absence of AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom) after transfected
with si-Con or siNOX4. n D 4. � indicates P<0.05 vs. si-Con; # indicates P<0.05 vs. siNOX4CAngII or siNOX4CISO. (D) Western blotting analysis for Xbp1s signaling in
NCMs of indicated groups. NCMs treated with AngII (10¡5M for 24h), ISO (10¡5M for 24h) or H2O2 (100mM for 2h) showed significantly higher activation of Xbp1 com-
pared to blank group. The activation of Xbp1 was restored by pretreatment with either NAC (10mM for 1h) or GKT137831(5mM for 1h). n D 3. �, ## indicates P<0.05 vs.
blank group and DMSO group, respectively; �� indicates P<0.05(AngII, ISO, H2O2 group vs. AngIICNAC, ISOCNAC, H2O2CNAC group, respectively); # indicates P<0.05
(AngII and ISO group vs. AngIICGKT137831 and ISOC GKT137831group, respectively). (E) Western blotting analysis for Xbp1 and NOX4 in NCMs transfected with si-Con
or siXbp1(1–3). n D 3. � indicates P<0.05 vs. si-Con group. (F) Surface area determination of NCMs in the presence or absence of AngII (10¡5M for 24h) or ISO (10¡5M for
24h) after transfected with si-Con or siXBP1. n D 4. The fluorescent micrograph is representative of cells from 4 independent visual fields.
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Figure 4. NOX4 activated RIPK1-related NF-kB signaling pathways in cardiac hypertrophy. (A) Western blotting analysis for RIPK1 and phosphorylated P65 subunit of NF-
kB in rats 4 weeks after TAC or sham surgery. n D 6. � indicates P<0.05 vs. sham-operated group. (B) Western blotting analysis for RIPK1 and phosphorylated P65 subunit
of NF-kB in NCMs treated with AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom). n D 4. � indicates P<0.05 vs. control. (C) Western blotting analysis for RIPK1
and phosphorylated P65 subunit of NF-kB in NCMs in the presence or absence of AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom) after transfected with si-Con
or siNOX4. n D 4. � indicates P<0.05 vs. si-Con, # indicates P<0.05 vs. si-ConCAngII or si-ConCISO. (D) Western blotting analysis for RIPK1 related NF-kB signaling in
NCMs. NCMs treated with AngII (10¡5M for 24h), ISO (10¡5M for 24h) or H2O2 (100mM for 2h) showed significantly higher activation of RIPK1/NF-kB signaling compared
to blank group. The activation of RIPK1/NF-kB signaling was restored by pretreatment with either NAC (10mM for 1h) or GKT137831(5mM for 1h). n D 3. �, ## indicates
P<0.05 vs. blank and DMSO group, respectively; �� indicates P<0.05(AngII, ISO and H2O2 group vs. AngIICNAC, ISOCNAC and H2O2CNAC group, respectively); # indicates
P<0.05(AngII and ISO vs. AngIICGKT137831 and ISOC GKT137831 group, respectively). (E) Western blotting analysis for RIPK1 and phosphorylated P65 subunit of NF-kB
in NCMs in the presence or absence of AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom) after transfected with si-Con or siRIPK1. n D 4. �, �� indicates P<0.05
vs. si-Con, # indicates P<0.05 vs. si-ConCAngII or si-ConCISO. (F) Immunoprecipitation analysis for K63-linked polyubiquitination of RIPK1. RIPK1 immunoprecipitates
from whole-cell lysates of NCMs were subjected to Western blotting. NCMs treated with AngII (10¡5M for 24h) or ISO (10¡5M for 24h) showed significantly higher K63-
linked polyubiquitination of RIPK1 as compared to control group. The polyubiquitination of RIPK1 was restored by transfection of si-Con or siNOX4 into NCMs treated
with AngII (10¡5M for 24h) or ISO (10¡5M for 24h). (G) Western blotting analysis for RIPK1 and phosphorylated P65 subunit of NF-kB in NCMs treated with AngII (10¡5M
for24h, Top) or ISO (10¡5M for 24h, Bottom) after pretreatment of Nec-1(10nM). n D 4. � indicates P<0.05 vs. control. (H) Surface area determination of NCMs in the pres-
ence or absence of AngII(10¡5M for 24h) or ISO (10¡5M for 24h) after transfected with si-Con or siRIPK1. n D 4. The fluorescent micrograph is representative of cells from
4 independent visual fields. � indicates P<0.05 vs. si-Con; # indicates P<0.05 vs. si-ConCAngII or si-ConCISO.
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As RIPK1 functions dichotomously either as a scaffold
protein to activate NF-kB signaling or as a kinase to induce
necroptosis, we then employed siRIPK1 and RIPK1 kinase
inhibitor necstatin-1(Nec-1) to clarify the specific role of
elevated RIPK1 in the development of cardiomyocyte hyper-
trophy induced by AngII or ISO. Interestingly, we observed
that under AngII or ISO stimulation, siRIPK1 significantly
inhibited phosphorylation of P65 subunit of NF-kB and in
turn mitigated cardiomyocyte hypertrophy (Fig. 4E and
Fig. 4H). We further determined the K63(lysine 63)-linked
polyubiquitination of RIPK1. The polyubiquitination level
of RIPK1 was enhanced in NCMs treated with AngII or
ISO, in keeping with the enhanced protein level of RIPK1
(Fig. 4F). As well, after genetic silencing of NOX4 or
RIPK1, the RIPK1 polyubiquitination reduced as the protein
level of RIPK1 was markedly decreased (Fig. 4F). By con-
trast, Nec-1 pretreatment (10nM) did not inhibit the
expression of RIPK1 and the phosphorylation of P65 sub-
unit of NF-kB in NCMs stimulated with AngII or ISO

(Fig. 4G). These findings provided evidence that RIPK1 acts
as a “scaffold protein” in a kinase-independent mode.

Activation of the RIPK1-related NF-kB pathway is mediated
by Xbp1s

Finally, we tested whether Xbp1s regulates the RIPK1-related
NF-kB signaling pathway. As indicated in Fig. 5A, in the pres-
ence of AngII or ISO, gene silencing of Xbp1s significantly
reduced the upregulation of RIPK1 by almost 60% and its
downstream phosphorylation of P65 subunit of NF-kB by
approximately 70%.

As mentioned previously, the protein level of ATF4 was also
increased in NCMs treated with AngII or ISO. Therefore, we
tested whether ATF4 plays a role as similar as Xbp1s. The pro-
tein level of ATF4 exhibited significant decline after genetic
silencing of NOX4. However, after ATF4 knockdown with
ATF4 siRNA, the RIPK1 and P65 subunit phosphorylation of
NF-kB demonstrated no significant change in NCMs treated

Figure 5. RIPK1-related NF-kB signaling pathway was regulated by Xbp1s. (A) Western blotting analysis for RIPK1 and phosphorylation of P65 subunit of NF-kB in NCMs in
the presence or absence of AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom) after transfected with of si-Con or siXbp1. n D 3. �, �� indicates P<0.05 vs. si-Con, #

indicates P<0.05 vs. si-ConCAngII or si-ConCISO. (B) Western blotting analysis for ATF4 and ATF6 in NCMs treated with AngII (10¡5M for 24 h, Top) or ISO (10¡5M for
24h, Bottom) after transfected with siNOX4. n D 4. � indicates P<0.05 vs. si-ConCAngII. (C) Western blotting analysis for ATF4 in NCMs transfected with si-Con or siATF4
(1–3). n D 3. � indicates P<0.05 vs. si-Con group. (D) Western blotting analysis for RIPK1 and phosphorylation of P65 subunit of NF-kB of in NCMs in the presence or
absence of AngII (10¡5M for 24h, Top) or ISO (10¡5M for 24h, Bottom) after transfected with of si-Con or siATF4. nD 3. � indicates P<0.05 vs. si-Con group.
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with AngII or ISO (Fig. 5B-Fig. 5D), indicating that the RIPK1-
related NF-kB pathway is just activated by Xbp1s.

Discussion

In the present study, we have demonstrated a novel signaling
pathway underlying the NOX4-induced cardiac hypertrophy.
We found that: (1) Splicing of Xbp1 accounts for NOX4-
induced cardiac hypertrophy, and (2) Xbp1s activated down-
stream RIPK1-related NF-kB signaling to cause cardiac hyper-
trophy (Fig. 6).

Consistent with previous reports,25-27 our experiments have
demonstrated that NOX4 is upregulated by various vasoactive
agonists such as AngII and ISO, and in response to pressure
overload. However, some data from mice with NOX4 transgene
have shown that overexpression of NOX4 directly cause cell
apoptosis without significant hypertrophy,28,29 The possible
reason for this disparity between our data and theirs might be
explained by the different amount of NOX4 expression. In our
study, the expression of NOX4 is increased 4.2-, 2.5-, and 2.2-
fold by TAC, AngII and ISO, respectively. However, in contrast
to the relatively modest elevation of NOX4 expression under
pathological stimulation, cardiac-specific overexpression of
NOX4 causes a 10-fold increase in NOX4 abundance and 8-
fold increase in ROS levels. Based on this disparity, we specu-
late that excessive NOX4 and its derivative ROS rapidly and

directly cause cardiomyocyte death, while the relatively moder-
ate elevation of NOX4 expression and its derivative ROS lead
to cardiomyocyte hypertrophy.

One of the major findings of the present study is that
enhanced Xbp1 splicing contributes to the development of
NOX4-related cardiomyocyte hypertrophy. As a powerful tran-
scription factor, spliced Xbp1 exerts strong prosurvival effects
under various conditions, including cardiac hypoxic conditions,
30 cardiac ischemia/reperfusion injury,31 and cell prolifera-
tion.32-35 All these reports indicate that Xbp1s may act as a pro-
proliferative signaling molecule to mediate the cardiomyocyte
hypertrophy in response to stresses. Interestingly, a recent
study further found that Xbp1s contributes to the progression
of cardiac hypertrophy through regulating cardiac angiogene-
sis,10 in support of our finding that Xbp1 is critical for cardiac
hypertrophy. Besides, our study revealed that cardiac expres-
sion of Xbp1s is regulated by NOX4 and NOX4-related ROS.
Nonetheless, the precise mechanism by which NOX4 induces
splicing of Xbp1 is not explored in our work. Based on the
observation that expression of ERS markers like Grp78 and
ATF4 were elevated in vivo and in vitro, we postulated that
NOX4 and NOX4-related ROS in ER rather than in other intra-
cellular compartments caused ERS and ensuing Xbp1 spicing.
However, further studies are necessary to elucidate the detailed
mechanism by which NOX4 activates Xbp1s in cardiomyocyte
hypertrophy.

Figure 6. Schematic representation of the Xbp1s/RIPK1/NF-kB pathway by which NOX4 triggered cardiac hypertrophy. Upon hypertrophic stimuli(pressure overload
caused by TAC, neurohumoral factors AngII and ISO), elevated NOX4 expression and ROS generation resulted in splicing of Xbp1, enhanced RIPK1 expression and ensuing
phosphorylation of P65, ultimately led to cardiomyocyte hypertrophy.
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Another major finding of the present study is that Xbp1s
causes cardiac hypertrophy through activation of the RIPK1-
related NF-kB signaling. Although RIPK1 mediates cell survival
and death, many studies in recent years focus on its role in
induction of programmed necrosis (necroptosis) by various cel-
lular stresses.11,12 Likewise, recent cardiovascular researches
concerning RIPK1 primarily focus on its role in induction of
necroptosis in ischemia/reperfusion(I/R) injury and heart fail-
ure,13-15 and only a few studies point out that RIPK1 is involved
in the TGF-b-induced activation of cardiac fibroblasts.36 In our
previous study, we found that RIPK1 mediates the palmitic
acid (PA)-induced cardiomyocyte hypertrophy, and inhibition
of RIPK1 by Nec-1 attenuates cardiomyocyte hypertrophy
induced by PA.18 Indeed, in the present study, we found that
RIPK1 is important for hypertrophic growth of cardiomyocytes
undergoing ERS induced by hypertrophic stimuli (pressure
overload/AngII/ISO). Nonetheless, we further found that
RIPK1 acts as a scaffold protein to activate NF-kB signaling in
a kinase-independent mode. This was supported by the obser-
vations that elevated RIPK1 protein level and its polyubiquiti-
nation in NCMs treated with AngII or ISO were blunted by the
genetic inhibition of NOX4 or ISO while cannot be inhibited
by Nec-1. By contrast with PA-induced cardiomyocyte hyper-
trophy, cardiomyocyte hypertrophy induced by hypertrophic
stimuli (pressure overload/AngII/ISO) does not require the
kinase activity of RIPK1. These seemingly contradictory results
might be attributed to the differential stresses which might rep-
resent 2 distinct clinical entities. In other words, typical hyper-
trophic stimuli (pressure overload/AngII/ISO) represent
hypertrophy induced by mechanical stress and related activa-
tion of neurohumoral systems, while PA represents lipotoxic-
ity-related hypertrophy. In brief, our study revealed that the
RIPK1 related NF-kB signaling acts as a novel alternative path-
way of UPR signaling to induce cardiac hypertrophy. This find-
ing bears practical implication. On one hand, RIPK1 is
involved in cardiomyocyte loss of I/R injury and heart failure
via mediating necroptosis or apoptosis.13 On the other hand, it
participates in the hypertrophic growth of cardiomyocytes
through NF-kB pathways. Based on these facts, when RIPK1 is
considered as a therapeutic target, differential strategy should
be adopted to target its diverse roles in different clinical
settings.

In conclusion, our study provides evidence that upregulation
of NOX4 promotes cardiomyocyte hypertrophy induced by
hypertrophic stimuli through Xbp1s/RIPK1/NF-kB signaling
pathway. These data offer insights into novel mechanisms with
potential therapeutic implications for myocardial hypertrophy.

Materials and methods

Antibodies and reagents

Antibodies were obtained from the following commercial sour-
ces: anti-NOX4 (1:1000, NB 110–58849) was purchased from
Novus; Anti-Grp78(1:500, #3183), anti-ATF4(1:500, D4B8),
anti-p65(1:1000, C22B4), anti-phosphorylated p65(1:1000,
3033S) and anti-RIPK1(1:1000, D94C12) were purchased from
Cell Signaling Technology; Anti-Xbp1s(1:500, ab37152), anti-
ATF6(1:500, ab11909) and anti-linkage-specific K63 ubiquitin

(1:1000, ab179434) was purchased from Abcam; anti-b-actin
was purchased from Santa Cruz; anti-a-actinin(1:200, A7811)
were purchased from Sigma Aldrich; Angiotensin II(A9525),
isoproterenol (I5627), and N-acetyl-L-cysteine(A7250) were
purchased from Sigma Aldrich; Necrostatin-1(S8037) and
GKT137831(S717101) were obtained from Selleckchem.

Animal model of transverse aortic constriction (TAC)

Sprague-Dawley(SD) rats with pressure overload-induced car-
diac hypertrophy were created by TAC for 4 weeks.6 Rats were
anesthetized with pentobarbital sodium (50 mg/kg i.p.) and
entered into the abdominal cavity. The abdominal aorta above
the bifurcation of left renal artery and aorta was banded by a
5–0 silk suture ligature tied firmly against an 18-gauge needle.
The needle was removed to yield a constriction of 1.2 mm in
diameter. Sham-operated rat underwent a similar surgical pro-
cedure without banding of the aorta. 4 weeks after surgery, the
rats were lightly anesthetized with pentobarbital sodium (30–
50 mg/kg i.p.) and subjected to echocardiography. Then the
hearts were dissected and snap-frozen in liquid nitrogen and
stored at ¡80�C. All animals used in this study received
humane care and the study was approved by the ethics commit-
tee of Sichuan University (ethic number 2014003A).

Echocardiography analysis

Two-dimensional (2D) guided M-mode echocardiography was
performed. Parasternal long-axis views, short-axis views, and
2D guided M-mode images of short axis at the mid-papillary
muscle level were recorded. The LVESD (LV end-systolic diam-
eter) and LVEDD (LV end-diastolic diameter), diastolic and
systolic LV wall thickness, diastolic posterior wall thickness
(DPWT) and diastolic ventricular septal thickness (DVST)
were measured in 3 consecutive cardiac cycles. LVMI (Left ven-
tricular mass index) was calculated as the ratio of whole heart
weight to body weight.

Histological analysis

Hearts were excised and washed with saline solution. Then the
heart tissues were fixed with 10% formalin, embedded in paraf-
fin and cut transversely close to the apex. After rehydration, the
sections (4–5mm) of heart were obtained and mounted onto
slides and stained with haematoxylin-eosin (HE). After stain-
ing, images of cardiomyocytes were captured by microscopy
and the cross sectional areas of the cardiomyocytes were deter-
mined by a quantitative digital analysis system (Image J,
National Institutes of Health). More than 100 myocytes in the
sections from at least 6 different rat samples were calculated in
each group.

Isolation and primary culture of neonatal cardiomyocytes
(NCMs)

NCMs were harvested from the myocardium of Sprague-Daw-
ley neonatal rats 0–3d after birth.6 Rat ventricles were quickly
removed and cut into tiny pieces, then digested with a mixture
of 0.05% trypsin solution (Gibco) and 0.05% collagenase II
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(Gibco). Isolated cells from each digestion were pooled in
DMEM (Hyclone Laboratories) supplemented with 10% fetal
bovine serum (biological industries), penicillin (100 U/ml),
streptomycin (100 U/ml) and Bromodeoxyuridine (0.1mM).
Then the cell suspensions were centrifuged at 1000rpm for
10 min, the isolated cells were re-suspended and seeded in a
culture flask. After 90 min for fibroblast adherence, cardiomyo-
cytes were isolated and seeded onto 6-well or 12-well plates.
24 hr later, isolated NCMs were serum-starved for 24h before
treatment with hypertrophic stimuli: ISO (10¡5M) or AngII
(10¡5M) for 24h.

Small interfering RNA (siRNA) transfection

Cells were seeded on 6-well or 12-well plates at 50–70% conflu-
ence before transfection. Individual siRNAs(100nM, Invitro-
gen),37 lipofectamine 3000 (Invitrogen) and DMEM were
mixed and incubated at room temperature for 15 min. siRNA-
lipofectamine 3000 complexes were added to cells and 24 hr
later AngII (10¡5M) or ISO (10¡5M) was added into cells. All
siRNA sequences are shown in Table 1.

Intracellular ROS measurement

Intracellular ROS production was determined by oxidative con-
version of cell permeable 20,70-dichlorofluorescein diacetate
(H2DCFDA; Sigma-Aldrich) to fluorescent dichlorofluorescein.
NCMs were washed with serum-free DMEM and incubated
with H2DCFDA (10mM) for 60 min at 37�C in incubator. Cells
were then trypsinized (0.05% trypsin free of EDTA, Gibco),
resuspended in PBS and the samples were analyzed by flow
cytometry (FCM, BD FACSCalibur) at an excitation and emis-
sion wavelengths of 485 nm and 530 nm, respectively.

Immunofluorescent staining and determination of cell
surface area

NCMs seeded on 12-well plates were fixed with 4% paraformal-
dehyde and permeabilized with 0.5% Triton X-100. After
blocking with 1% BSA cells were incubated with mouse anti-
a-actinin (1:200) for surface area determination or rabbit anti-
NOX4 (1:200) overnight at 4�C. After a brief wash, cells were
incubated with an anti-mouse Alexa Fluo 488-conjugated sec-
ondary antibody (1:500, invitrogen) or anti-rabbit Alexa Fluo
594-conjugated secondary antibody (1:500, invitrogen). After
the antibody solution was removed, the cells were counter-
stained for nuclei with DAPI (1:1000, Sigma Aldrich) for

another 10 min. Finally, cells were mounted and visualized
with an inverted microscope (Nikon). NCMs from 4 indepen-
dent microscopic fields were outlined for surface area determi-
nation and NOX4 fluorescence intensity analysis in each group.

Protein extraction, immunoblotting and
immunoprecipitation

For tissue extraction, the frozen heart tissue was homogenized
and lysed by a RIPA buffer (Byotime) with protease and phos-
phatase inhibitor cocktail, subsequently sonicated for 15s. For
whole cell extraction, cells were lysed with RIPA buffer (Byo-
time) with protease and phosphatase inhibitor cocktail. After
centrifugation at 16000£g for 10min (4�C), the protein concen-
trations were subsequently determined using the BCA Protein
Assay Kit (ThermoFisher scientific). Then the protein samples
(50mg) were subjected to SDS-PAGE, transferred to a PVDF
membrane (Millipore, Bedford, MA), blocked with 5% skim
milk and probed with corresponding primary antibodies and
HRP-conjugated secondary antibodies, followed by detection
with Enhanced Chemiluminescence (ECL, Bio-Rad). The protein
levels were normalized to b-actin. For immunoprecipitation,
whole cell lysates were mixed and precipitated with RIPK1
(1:100) and protein A/G Agarose beads by incubation at 4�C.
The bound proteins were removed by boiling in SDS buffer and
resolved in SDS-PAGE gels for immunoblotting analysis.

Real-time polymerase chain reaction analysis (qRT-PCR)

The total RNA was harvested from frozen left ventricle tissues
or cell lysates using TRIzol (Invitrogen). 1mg RNA of each sam-
ple was used to reverse-transcribe into cDNA using the Rever-
Tra Ace qPCR RT Master Mix kit (Toyobo). PCR was
performed using a SYBR� Green master mixes (Bio-Rad). All
primer details were shown in Table 2. The mRNA levels were
normalized to b-actin.

Statistical analysis

All data are presented as mean § SEM. Data were analyzed with
SPSS17.0 software. Differences between groups were evaluated for
significance using single-tailed Student’s t-test of unpaired data or
one-way analysis of variance (ANOVA). Bonferroni post-test anal-
ysis was used to compensate for multiple testing procedures. A
value of P< 0.05was considered significant.

Table 1. Oligonucleotide sequences for siRNAs.

siRNA Sequences

siXbp1-1 50-GAGAAAGCGCTGCGGAGGA-30
siXbp1-2 50-GATTGAGAACCAGGAGTTA-30
siXbp1-3 50-GCTGTTGCCTCTTCAGATT-30
siATF4-1 50-GCCACGTTGGATGACACAT-30
siATF4-2 50-GGAAGTGAGGTTGATATCT-30
siATF4-3 50-CCTCACTGGCGAGTGTAAA-30
siRIPK1 50-GCG GGCAUGCACUACUUACAUG dUdU-30
siNOX4-1 50-AGGAUUGUGUUUGAGCAGATT-30
siNOX4-2 50-GACCUGGCCAGUAUAUUAUTT-30

Table 2. Primer sequences for qRT-PCR.

Genes Primer Sequences

NOX4 Forward: 50-GTACAACCAAGGGCCAGAATAC-30
Reverse: 30-CAGTTGAGGTTCAGGACAGATG-50

ANP Forward:50- ACCAAGGGCTTCTTCCTCT-30
Reverse:30- TTCTACCGGCATCTTCTCC-50

BNP Forward:50-AGAACAATCCACGATGCAGAAG-30
Reverse: 30-AAACAACCTCAGCCCGTCACA-50

b-MHC Forward:50-GCCCGGCATGATTGCG-30
Reverse: 30-TGGCGTCCGTCTCATACT-50

b-actin F: 50 ACTATCGGCAATGAGCGGTTC 30
R: 50 ATGCCACAGGATTCCATACCC 30
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