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ARTICLE INFO ABSTRACT

Keywords: Background: NF-E2-related factor 2 (Nrf2) is a transcription factor playing cytoprotective effects in various
Nrf2 pathological processes including oxidative stress and cardiac hypertrophy. Despite being a potential therapeutic
Heart target to treat several cardiomyopathies, the signaling underlying Nrf2-dependent cardioprotective action re-
Hypertrophy mains largely uncharacterized.

Ejisammatlon Aim: This study aimed to explore the signaling mediating the role of Nrf2 in the development of hypertensive
STAT3 cardiac pathogenesis by analyzing the response to Angiotensin II (Ang II) in the presence or absence of Nrf2

expression, both in vivo and in vitro.

Results: Our results indicated that Nrf2 deficiency exacerbated cardiac damage triggered by Ang II infusion.
Mechanistically, our study shows that Ang II-triggered hypertrophy and inflammation is exacerbated in the
absence of Nrf2 expression and points to the involvement of the IL-6/STAT3 signaling pathway in this event.
Indeed, our results show that IL-6 abundance triggered by Ang II is increased in the absence of Nrf2 and de-
monstrate the requirement of IL-6 in STAT3 activation and cardiac inflammation induced by Ang I
Conclusion: Our results show that Nrf2 is important for the protection of the heart against Ang II-induced cardiac
hypertrophy and inflammation by mechanisms involving the regulation of IL-6/STAT3-dependent signaling.

1. Introduction mechanic and metabolic alterations resulting in cardiac muscle dys-

function. Maladaptive hypertrophy is a frequent consequence of sus-

Heart failure (HF) is a debilitating disease with high rates of mor-
tality. The pathogenesis underlying HF is complex but is mostly related
to cardiac remodeling caused by cardiac myocyte hypertrophy and re-
expression of the fetal gene program leading to myocardial fibrosis
[1-3]. Cardiac hypertrophy is a physiological compensatory process of
the heart to adapt to various pathological conditions demanding in-
creased cardiac output. However, during maladaptive myocardial hy-
pertrophy increased size of cardiac myocytes is accompanied of

tained vascular hypertension, involving Angiotensin II (Ang II) [4].
Ang II is a key executor of the renin-angiotensin-aldosterone system
(RAAS), which is reported to be highly associated with increased risk of
myocardial hypertrophy and HF [2,5-7] Indeed, chronic pressure
overload could cause cardiac hypertrophy, which is related to the au-
tocrine release of Ang II from the myocardium in response to abnormal
harmful stress [8,9]. Accumulating evidences including ours proved
that extra activated oxidative stress participates in Ang II-induced

Abbreviations: Ang II, Angiotensin II; ACE, angiotensin-converting enzyme; CK-MB, creatine kinase-MB; HF, heart failure; HO-1, heme oxygenase-1; HSD, high salt
diet; LDH, lactate dehydrogenase; IL-6, Interleukin-6; RAAS, renin-angiotensin-aldosterone system; STAT3, signal transducer and activator of transcription 3; SOD1,
superoxide dismutase 1; Nrf2, NF-E2-related factor 2; NRCMs, neonatal rat cardiomyocytes
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cardiac myopathy [10-13]. However, it is still not fully understood how
Ang II influences cardiac hypertrophy and remodeling. Investigating
the downstream signals of Ang II is of potential importance because it
can provide new approaches for clinical therapy of cardiovascular
diseases.

The transcription factor NF-E2-related factor 2 (Nrf2) belongs to the
Cap‘n’collar subfamily of basic region leucine zipper transcription fac-
tors which is known to mediate protection against drug and oxidative-
induced cell stress [14]. The Nrf2 pathway is involved in the cellular
response to multiple diseases such as cancer [15,16], diabetes [17,18]
and cardiovascular disease [19-21]. Nrf2 translocates to the nucleus
upon oxidative stress, where it binds to the promoter of, among others,
antioxidant genes, such as superoxide dismutase 1 (SOD1), glutathione
transferases, glutamate cysteine ligase and heme oxygenase-1 (HO-1)
[22]. Overexpression of Nrf2 has been proved to be cytoprotective in
multiple human diseases, whereas Nrf2 gene deletion exacerbates the
sensitivity to tissue injury [22-26]. Moreover, recent research also
proved that Nrf2 is involved in Ang II-induced as well as hemodynamic
stress-induced hypertrophic cardiomyopathy [20,27,28]. Finally, Nrf2
genetic deletion in mice has been shown to induce cardiac dysfunction
and hypertrophy [29]. These results delineate a central role for Nrf2 in
preventing the heart from oxidative stress-related damage. However,
the potential crosstalk between cardiac remodeling and Nrf2 still re-
mains poorly characterized.

Interleukin-6 (IL-6) is a pleiotropic cytokine that is produced by and
acts on several tissues throughout the body including cardiomyocytes.
Studies including our previous research proved that IL-6 is involved in
Ang II-induced hypertensive cardiac damage [10,30-33]. The cytokines
of the IL-6 family are activated in response to the phosphorylation of
signal transducer and activator of transcription 3 (STAT3) [34], which
promotes the transcription of inflammatory cytokines. There is co-
operation of oxidative stress and inflammation induced by STAT3 ac-
tivation in experimental mice hearts [35]. Our previous research also
suggests alleviated oxidative stress in the heart of mice deficient for IL-6
during Ang II-induced cardiac injury [10,30]. Moreover, it is reported
that IL-6 promoter contains an antioxidant response element (ARE) and
its expression can be stimulated by Nrf2 in fB-cell of pancreas [36],
implying regulatory links between these signaling pathways. However,
the link between Nrf2-associated mitigation of oxidative stress and IL-
6/STAT3-mediated stimulation of inflammation has not been tested.

In the present study, by using Nrf2 knockout (Nrf2 KO) mice and IL-
6 knockout (IL-6 KO) mice, we show a previously unidentified role for
Nrf2 in agonist-induced activation of IL-6/STAT3 signaling pathway
and evaluated its effect on IL-6 mediated myocardial inflammation. Our
results support that Nrf2 deficiency facilitates cardiac hypertrophy, fi-
brosis, oxidative stress and inflammation. We further confirmed that
Nrf2 deletion augments the elevation of IL-6 which later activates
STAT3 during Ang II-induced hypertrophic cardiac injury and show the
importance of IL-6 in these events.

2. Materials and methods
2.1. Animals

The investigation with experimental animals conforms to the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996)
and was evaluated and approved by the Experimental Animal Ethic
Committee of China Pharmaceutical University and the ethical stan-
dards in the 1964 Declaration of Helsinki and its latter amendments.
Nrf2 KO mice were a gift from Hui Xu, Medical School of Nanjing
University, Nanjing, Jiangsu on a background of Balb/c. IL-6 KO mice
were purchased from Model Animal Resource Information Platform of
Nanjing University (#D000054) on C57BL/6 background. All the mice
used in this study were male, at the age of 3 months. The age-matched
male wild-type littermates were purchased from Nanjing University
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(Cat No. N0O00013). Mice were housed in constant temperature of 22 °C
in a 12/12-light/dark cycle with free access to regular rodent chow and
tap water. The genotype of the animals of the colony and randomly
assigned mice from the experimental groups was confirmed using PCR
according to the protocols. Mice had access to regular chow (0.5%
NaCl) and tap water and were allowed to adjust to the environment for
at least 1 week. Then the regular chow was replaced by a high-salt diet
containing 4% NaCl (Qinglongshan, Nanjing, China). Four weeks later,
mice were anesthetized with 10% chloral hydrate solution (0.1 ml/20 g
intraperitoneally) and osmotic minipumps (Alzet, Cupertino, California,
USA) were implanted subcutaneously along the animal's dorsum under
aseptic conditions to deliver either Ang II (2 mg/h per mouse, Aladdin,
Shanghai, China) or vehicle (0.01-N acetic acid in saline) for 14 days.
The treatment groups were as follows: WT + vehicle; Nrf2
KO + vehicle; WT + Ang II; and Nrf2 + Angll; WT + vehicle; IL-6
KO + vehicle; WT + Ang II; and IL-6 + Ang II. Treatment was con-
tinued for 5weeks.

2.2. Echocardiography

Mice were anesthetized with isoflurane. Echocardiograms were
obtained using a Vevo 2100 Ultrasound System (Visual Sonics, Toronto,
Canada) equipped with a high-frequency (30 MHz) linear pediatric
array transducer and was used to record a two-dimensional and M-
mode echocardiogram. Hair was removed from the anterior chest using
a chemical hair remover. The transducer was placed on the chest (using
transducer gel as an offset), and a transthoracic echocardiogram was
externally recorded. The echocardiographer was blinded to the geno-
type of the animal. From the M-mode echocardiogram, software on the
Vevo 2100 machine was used to measure the thickness of the left
ventricular (LV) posterior wall (LVPW) and the internal diameter of the
LV in end-diastole (LVID-d) and end-systole (LVID-s). These values were
used to automatically calculate the mass of the LV Mass, the percentage
of ejection fractions and fractional shortening, and the volume of the LV
in end-diastole (LV Vol-d) and end-systole (LV Vol-s) by Vevo 2100
software.

2.3. Cell culture and treatment

We obtained neonatal cardiomyocytes from the hearts of 2—-4-day-
old Sprague-Dawley rats after digestion with type-2 collagenase
(Worthington, Lakewood, NJ, USA). We used a two-round pre-plating
in order to deplete cardiomyocyte culture of non-myocardial cells. Cells
were plated at a density of 10%cellsymm? in 2g/L gelatin-coated
FALCON polystyrene dishes (Becton Dickinson, Palo Alto, CA, USA) and
NUNCLON four-well plates (NUNC, Roskilde, Denmark). The medium
used was M199:DMEM (dulbecco's modified eagle medium) 1:3
(SIGMA-Aldrich, St. Louis, MO, USA), pH 7.2 with 7.2 mmol/L glucose,
10% horse serum and 5% fetal calf serum (Gibco, New York, NY, USA).
Cardiomyocyte purity was checked by immunocytochemistry with a
cardiac sarcomeric a-actinin monoclonal antibody (clone EA-53,
SIGMA-Aldrich, St. Louis, MO, USA), and was found to be higher than
90% after 24 h in vitro. NRCMs were transduced with lentiviral vectors
carrying short-hairpin RNA interference of Nrf2 (shNrf2) or scrambled
vector (scr). Then, NRCMs were treated with angiotensin II (Ang II)
1 x 10~ 7 mol/L for 24 h.

2.4. Protein extraction and Western blot analysis

Hearts were harvested, snap-frozen in liquid nitrogen and stored at
—80 °C. Total proteins were extracted from heart. Tissue lysates were
prepared in lysis buffer (125mmol/l1 Tris, 2% SDS, pH®6.8).
Approximately 30mg of protein sample was separated via 10%
SDS-PAGE and then transferred onto polyvinylidene difluoride mem-
brane (Millipore, Bedford, Massachusetts, USA). Then the membranes
were blocked with 2% BSA (bovine serum albumin) in TBST (50 mmol/
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L Tris, 150 mmol/L NaCl, 0.5 mmol/L tris-buffered saline and Tween-
20, pH7.5). After blocking, the blots were incubated with the anti-
bodies against Nrf2 (Cell Signaling Technology, CST 12721;1: 1000),
STAT3 (Cell Signaling Technology, 1:2000), p-STAT3 (Cell Signaling
Technology, 1:1000), GAPDH (Proteintech, 60004; 1:10000), overnight
at 4°C. Following, samples where incubated with appropriate HPR
conjugated secondary antibodies. The protein bands were detected with
enhanced chemiluminescence kit (Thermo Scientific, USA). The images
were quantitatively analyzed by using the Image J program to make
comparisons between different groups.

2.5. RNA extraction and reverse transcription-PCR analysis

Total RNA from hearts was isolated with TRIzol reagent (TransGen,
ET111-01), and 1mg of RNA was reverse-transcribed using a reverse
transcription system kit (Vazyme, R101-01/02). Then real-time PCR
was performed with cDNA templates and SYBR Green qPCR Master Mix
(Selleck, B21403) by using StepOnePlus Real-Time PCR (Applied
Biosystems, Foster City, California, USA). Briefly, sequences were am-
plified using 5 pl Master Mix, 0.3 pl forward primer (10 pmol) of Anf,
Bnp, Collagen Ia, Collagen Illa, Nrf2, matrix metalloprotein 9 (Mmp9),
Periostin (Table 1), 3.9 ul nuclease-free H,O and 0.5 ul cDNA in a total
volume of 10 ul. PCR conditions were 40 cycles of 15s at 95 °C, 30s at
60 °C, preceded by an initial denaturation of 10 min at 95 °C and fol-
lowed by a continuous melt curve from 60 to 95 °C. All samples were
amplified in triplicate, and the results were normalized to the expres-
sion of glyceraldehyde-3-phosphate dehydrogenase (Gapdh). For animal
tissues, two RNA preps from 4 to 6 animals (the exact number is spe-
cified in each figure) were performed, and we did triplicate of each
sample for each qPCR. For cell culture, one RNA prep was performed.
We did triplicate of each sample for each qPCR, and each treatment was
repeated at least 3 times (specified in each figure).

2.6. Histological assessment

The middle part of the mice's hearts were fixed in 4% paraf-
ormaldehyde (PFA) for 16 h and then embedded in paraffin. Sections
measuring 5pum were cut from paraffin-embedded tissue blocks and
double-stained with hematoxylin (to stain the nuclei, blue) and eosin
(to outline the cardiomyocyte sectional area, red) as the H&E staining.
Masson's staining for the presence of interstitial collagen fiber accu-
mulation was a marker of cardiac fibrosis and was performed by using
Masson's Staining Kit (Servicebio, Wuhan, China). The primary anti-
bodies against CD68 (dilution 1:200; Abcam, ab955), used to detect
macrophages [37,38], were applied overnight at 4 °C. After 30 min of
washing, the sections were incubated with secondary antibody (Servi-
cebio, GB23303) conjugated with horseradish peroxidase (HRP) at di-
lution 1:200 for 1 h at room temperature. In the next step sections were
rinsed with PBS and incubated with 3, 3’-diaminobenzidinetetrahy-
drochloride (DAB, Dako, Copenhagen, Denmark) for 10 min. Nuclei
were counterstained with hematoxylin. Negative control of staining was
performed in the corresponding sections by omitting the primary

Table 1
Primers for real-time PCR.

Target gene Forward (5’ — 3’) Reverse (5" — 3")

Anf gtcaatcctacccccgaagcagcet cagcatgggctccttcteca
Bnp cagctcttgaaggaccaagg agggaagtggcaaggtaggt
Nrf2 ttctttcagcagcatectetecac acagccttcaatagtcecgtecag
Collagen Ial tgctgecttttetgttectt aaggtgctgggtagggaagt
Collagen Illal gtccacgaggtgacaaaggt catcttttccaggaggtcca
Mmp9 tgaatcagctggcttttgtg gtggatageteggtggtgtt
Periostin aaccaaggacctgaaacacg gtgtcaggacacggtcaatg
1I-6 cctetggtettetggagtace actccttctgtgactccage
Gapdh ctgegacttcaacagcaact gagttgggatagggcctcte
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antibody. These sections were scanned by the digital slide scanner
NanoZoomer 2.0RS (Hamamatsu), and the area of interstitial fibrosis
was calculated by Image-Pro Plus 6.0 (Media Cybernetics, Rockville,
Maryland, USA).

2.7. Activity of manganese superoxide dismutase

Total heart was homogenized in 0.9% NacCl solution and centrifuged
for 10 min at 8000 rpm. Aliquots of the supernatant were stored at
—80°C. Manganese superoxide dismutase (Mn-SOD) activity was
measured by SOD Typing Assay kit (A001-2; Jiancheng bioengineer,
Nanjing, China), which is based on the capacity of SOD to inhibit the
auto-oxidation of hydroxylamine to nitrite and was expressed as U/mg
protein. Copper-zinc superoxide dismutase (CuZn-SOD) activity was
performed after pre-incubation with specific inhibitor of Mn-SOD,
whereas Mn-SOD activity was calculated from the difference between
total SOD and CuZn-SOD activity. Catalase (CAT) activity was mea-
sured by Catalase Assay Kit (A007-1; Jiancheng bioengineer, Nanjing,
China), which is based on the measurement of the hydrogen peroxide
substrate remaining after the action of CAT. Hydrogen peroxide is
converted to water and oxygen by the CAT and then this enzymatic
reaction is stopped with ammonium molybdate and gives a coordina-
tion complex (peroxomolybdic acid) that absorbs at 405 nm.

2.8. Malonaldehyde assay

Concentration of malonaldehyde was measured by thiobarbituric
acid (TBA) method which is an index of lipid peroxidation and oxida-
tive stress and based on the reaction of malonaldehyde with TBA at
98 °C. Briefly, an aliquot of samples (66 pl) was mixed with 66 pl of
8.1% SDS, 0.5-mlacetate buffer (0.2 M, pH 3.5), 0.5ml 0.8% TBA and
0.2ml water and heated at 96 °C for 30 min. After cooling to room
temperature, the mix was centrifuged at -8000 rpm for 10 min. The red
pigment in the supernatant was quantified by absorbance at 532 nm
and then was used to calculate malondialdehyde (MDA) concentration
of samples according to an MDA standard.

2.9. Elisa of plasma IL-6

In the morning, mice were anesthetized with 10% chloral hydrate
solution (0.1 ml/20 g body weight, intraperitoneally), blood samples
were obtained via eyeball blood collection. All blood samples without
EDTA were centrifuged at 1000 g for 10 min at 4 °C, and the supernatant
was all stored at —20 °C until analysis. ELISA kits (Beijing 4A Biotech
Co. Ltd.; CME0006) were used to detect the levels of IL-6 in plasma.
Samples were tested according to ELISA kit instructions. Six samples of
each group were used for Elisa assay of IL-6.

2.10. Assessment of plasma LDH and CK-MB

Blood samples were collected and centrifuged at 2000 g at 4 °C for
20 min. Plasma was prepared and then frozen at —20 °C until further
analysis. The activities of CK-MB (Shanghai MIBIO Biotechnology Co.
Ltd), LDH (NanJing JianCheng) in the serum were detected with the
commercially available assay kit according to the procedures.

2.11. Plasmid construction and lentvirus preparation

The 19-nucletide sequence (5-GCAGGACATGGATTTGATT-3’) for
small interference of rat Nrf2 was cloned into pSUPER vector (from
Didier Trono, Geneva, Switzerland) using the Bgl II and Hind III sites.
Nrf2 nucleotide sequence was chosen for specific expression silencing
using free RNAI design interfaces and has been validated. pSUPER or
pLVTHM constructs were transfected into HEK293T packing cell line as
previously described [39,40].
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Fig. 1. The effect of Nrf2 deficiency on Ang
II-induced hypertrophic cardiomyopathy.
A-B) Bar graphs showing quantitative data
for HW and HW/TL; n = 6-8/group; Two-
way ANOVA indicated that Nrf2 expression
and Ang II influenced HW and HW/TL. *,
p < 0.05; **, p < 0.01; ***, p < 0.001;
ns, not significant. Inter: Interaction be-
tween both variables in the experimental
value; C) Representative images of Masson's
trichrome staining (left panel) and calcula-
tion of transverse myocyte area of heart
tissue (right panel), scale bars, 20 um; 300
cardiomyocytes per slide, n = 4/group, 4
slides per animal; Two-way ANOVA in-
dicated that Nrf2 expression and Ang II in-
fluenced cell area. *, p < 0.05; ***
p < 0.001; ns, not significant; D-E)
Expression of mRNA for Anp and Bnp in the
heart tissue; n = 6/group; Two-way
ANOVA indicated that Nrf2 expression and
Ang 1II influenced gene expression. *,
p < 0.05; **, p < 0.01; ***, p < 0.001,
ns, not significant; F) Western blot of
MEF2A protein in the heart tissue of mice
with different treatment (left panel) and
protein quantification of MEF2A (right
panel); n = 6/group ; Two-way ANOVA
indicated that Nrf2 expression and Ang II
influenced MEF2A expression. *, p < 0.05;
** p < 0.01; ***, p < 0.001, ns, not sig-
nificant; G) left panel: Western blot of
MEF2A in NRCMs transfected with scr or
shNrf2 and treated with or without Ang II
(100 mM) stimulation; middle panel: pro-
tein quantification of MEF2A abundance;
Two-way ANOVA indicated that Nrf2 ex-
pression and Ang II influenced MEF2A ex-
pression. *, p < 0.05; **, p < 0.01; ***,
p < 0.001, ns, not significant.
Representative western blots are shown
from n = 3; right panel: real-time PCR of
Nrf2 expression in NRCMs for evaluating
efficiency of Nrf2 knockdown. Data are
Mean + SEM, *, p < 0.05; **, p < 0.01;
**% p < 0.001 (Student's-t-test).
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2.12. Statistical analysis

All statistical analysis was performed using GraphPad Prism version
5.0 (GraphPad software, San Diego, CA, USA). For comparison between
two groups, Student's t-test was performed. We performed statistical
analysis with Two-way ANOVA when two conditions were involved. All
statistical tests were two-sided at a significance level of 0.05.

3. Results

3.1. Nrf2 deficiency aggravates cardiac hypertrophy induced by Ang II in
vivo

To assess the effect of Nrf2 on the hypertrophic response to Ang II
stimulation, WT and Nrf2 KO mice were subjected to Ang II or vehicle
treatment for two weeks. Nrf2 KO mice developed a significant increase
of cardiac hypertrophy 2 weeks after Ang II stimulation compared to
WT mice, as measured by the heart weight (Fig. 1A) and the ratio of
heart weight/tibia length (HW/TL) (Fig. 1B), and cardiomyocyte cross-
sectional area (Fig. 1C). No obvious differences were observed in the
vehicle-treated WT and Nrf2 KO mice (Fig. 1C). However, mice of both
genotypes treated with Ang II showed significant increase of cardio-
myocyte cross-sectional area, and cell area of cardiomyocytes from Nrf2
KO-Ang II heart was larger than that from WT-Ang II heart, suggesting
exacerbated cardiomyocyte hypertrophy induced by Ang II stimulation
due to Nrf2 deficiency.

To confirm the findings of Nrf2-mediated cardiac myocyte hyper-
trophy at molecular level, expression of hypertrophy-related markers,
including atrial natriuretic peptide (Anp) and brain natriuretic peptide
(Bnp) were assessed using tissue samples. The result showed that the
expression of both genes was significantly higher in Nrf2 KO mice than
in WT mice at 2 weeks after Ang II infusion (Fig. 1D and E). We further
examined expression of MEF2A, which plays pivotal role in cardiac
hypertrophy [39,4041]. The results showed that MEF2A expression was
significantly induced in Nrf2 KO heart during Ang II infusion compared
to other groups (Fig. 1F). In addition, the level of MEF2A protein
abundance during Ang II-induced hypertrophy was higher in NRCMs
transfected with lentivirus carrying short-hairpin knockdown of Nrf2
(shN7f2) compared to those transfected with empty vector (scr)
(Fig. 1G), which is in agreement with the results obtained in vivo.
Together, these data imply that Nrf2 plays an important protective role
against Ang II-induced cardiac hypertrophy in vivo.

3.2. Nrf2 deficiency promotes cardiac LV remodeling and dysfunction
during Ang II stimulation

We next assessed cardiac function of WT and Nrf2 KO mice and the
effects of Ang II infusion by echocardiography. The increase in left
ventricular (LV) mass and diastolic wall thickness (posterior wall)
(LVPWd), as well as the decrease in diastolic LV chamber (interior)
dimensions (LVIDd) induced by Ang II were markedly promoted in Nrf2
KO mice compared to WT mice (Fig. 2A and Table 2). Ejection fraction
(EF), an index used for assessing cardiac function, showed no statisti-
cally significant difference between WT and Nrf2 KO mice at baseline.
EF decreased in both WT and Nrf2 KO mice after Ang II infusion for
2 weeks. However, the reduction was significantly greater in Nrf2 KO
mice compared to WT KO mice (Fig. 2A). In addition, the histological
analyses based on HE staining showed larger extracellular area of da-
mage in Nrf2 KO mice after Ang II stimulation, as shown by dis-
continued cardiac myocyte connection (Fig. 2B). Moreover, serum
concentrations of lactate dehydrogenase (LDH) and creatine kinase-MB
(CK-MB), markers of cardiac tissue lesion, were significantly increased
in Nrf2 KO mice after 2 week's infusion of Ang II, which further con-
firmed the detrimental effect of Nrf2 deficiency on cardiac function
after Ang II stimulation (Fig. 2C and D).
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3.3. Nrf2 deficiency augments cardiac fibrosis in response to Ang II
stimulation

To further explore the mechanism by which Nrf2 deficiency pro-
motes cardiac hypertrophy, paraffin-embedded slides were stained with
picrosirius red (PSR), and the staining was analyzed quantitatively. We
observed marked interstitial and perivascular fibrosis present in the
heart of Nrf2 KO mice subjected to Ang II compared to WT-Ang II heart
(Fig. 3A and B). Subsequently we analyzed gene expression levels of
known mediators of fibrosis, including collagen type I alpha 1 (Collal),
collagen type III alpha 1 (Col3al), periostin and matrix metalloprotein 9
(Mmp9). Consistent with data from quantitative analysis of fibrosis in
PSR staining, the mRNA expression of these genes revealed marked
elevation in Nrf2 KO compared to WT mice after Ang II infusion
(Fig. 3C, D, E and F). Together, these data indicated an anti-fibrotic
effect of Nrf2, which was consistent with the histological findings of
exacerbated cardiac remodeling in Nrf2 KO mice.

3.4. AngII stimulation in Nrf2 KO mice results in elevated cardiac oxidative
stress

We next investigated Nrf2 expression in WT mice and NRCMs
treated with vehicle or Ang II. The results showed marked elevation of
Nrf2 protein abundance in the heart of WT-Ang II mice and Ang II-
treated NRCMs (Fig. 4A and B), suggesting the involvement of Nrf2
during Ang II-induced cardiomyopathy. To determine the role of Nrf2
in regulating Ang II-induced cardiac injury, we analyzed the expression
of enzymes involved in oxidative stress, which are known targets of
Nrf2. Our results revealed that the expression of manganese superoxide
dismutase (MnSOD) was significantly induced in WT mice during Ang II
stimulation, while abundance of MnSDO in Nrf2 KO heart was much
lower than WT heart during Ang II treatment and remained nearly at
the baseline (Fig. 4C). Moreover, the abundance of malondialdehyde
(MDA), a product from lipid peroxidation, increased over 2-fold during
Ang II treatment in Nrf2 KO mice (Fig. 4D). We further used the su-
peroxide indicator DHE to detect reactive oxygen species (ROS) by
immunofluorescence in NRCMs transduced with a scrambled vector
(scr) or lentivirus carrying a Nrf2-specific short-hairpin-based silencing
construct either treated with 100 nM Ang II or not. The results showed
that the reduction of Nrf2 expression augmented Ang II-induced ROS
production (Fig. 4E). These data indicated that Nrf2 deficiency inhibits
anti-oxidant gene expression and promotes oxidative stress, which to-
gether contribute to cardiac maladaptative hypertrophy and dysfunc-
tion induced by Ang IL.

3.5. IL-6/STAT3 signaling contributes to cardiac injury induced by Nrf2
deficiency

To assess the involvement of IL-6/STAT3 during Ang II-induced
cardiac injury in mice deficient for Nrf2, we first examined the con-
centration of IL-6 in the serum of mice from the different groups. The
results showed that IL-6 level was significantly higher in Nrf2 KO mice
during Ang II infusion (Fig. 5A), implying that up-regulation of IL-6
may possibly be an important mechanism of cardiac injury during Ang
II stimulation in Nrf2 KO heart. To confirm this result, we checked II-6
mRNA level in the heart of mice under different treatments. Our results
showed that II-6 mRNA abundance was significantly increased in both
genotypes during Ang II infusion (Fig. 5B), and II-6 expression in Nrf2
KO-Ang II hearts was much higher than that in WT-Ang II heart, which
is in agreement with the result of serum IL-6. To further investigate the
molecular mechanisms by which Nrf2 deficiency mediates the detri-
mental effect during cardiac hypertrophy, we assessed the expression of
phosphorylated STAT3 (p-STAT3), which is the active form of STAT3,
after Ang II infusion for 2 weeks. We observed that p-STAT3 abundance
and the ratio of p-STAT3/STAT3 were significantly increased in the
hearts of Nrf2 KO mice after Ang II stimulation (Fig. 5C), indicating that
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Fig. 2. The effect of Nrf2 knockout on Ang II-induced cardiac dysfunction. A) At the end of 2-week vehicle or Ang II infusion, mice were anesthetized with isoflurane
and cardiac geometry and function were evaluated using echocardiography: thickness of left ventricular posterior wall; diastolic state of left ventricular interior
diameter; left ventricular mass; ejection fraction. n = 6/group; B) Representative image of H&E staining of mice heart (scale bars, 50 um; n = 4/group); C-D) Serum
concentration of LDH and CK-MB. n = 6/group. *, p < 0.05; **,p < 0.01; ***, p < 0.001; ns: not significant (Two-way ANOVA followed by a Bonferroni test for

post-hoc analyses).

Nrf2 is involved in the tuning of Ang II-induced activation of IL-6/
STAT3 signaling pathway.

To further explore the influence of Nrf2 in the inflammation process
induced by Ang II, we performed immunohistochemical staining of
CD68 as an indicator of macrophage infiltration, since monocytes/
macrophages play a particularly important role in hypertensive cardiac
injury [37,38]. The results showed that CD68-positive macrophages
were more abundant in both genotypes during Ang II infusion (Fig. 5D),
indicating the involvement of inflammation during Ang II-induced hy-
pertrophic cardiac injury. Moreover, we also observed that the presence
of infiltrated CD68-positive macrophages was much higher in Nrf2 KO-

(Fig. 5D), occurring in parallel to the increase of serum IL-6 level as
well as p-STAT3 protein abundance in the myocardium. Thus, our data
suggest that Nrf2 modulates the IL-6/STAT3 signaling pathway that is
involved in the process of cardiac inflammation during Ang II-induced
hypertrophy.

3.6. Ang II-induced STAT3 activation and cardiac inflammation is
abrogated in mice deficient for IL-6

To determine the role of IL-6 as well as IL-6/STAT3 signaling in
Nrf2-mediated inhibition of inflammation during Ang II-induced myo-

Ang II heart (~3.0 fold) relative to WT-Ang II heart (~2.0 fold) cardium damage, we performed immunoblotting to detect
Table 2
Echocardiographic parameters showing cardiac function in response to Ang II/HSD between genotypes.
WT WT-Ang II Nrf2 KO Nrf2 KO-Ang II p value
(n=28) (n=6) (n=6) (n=6)
Inter. Genotype Ang II
EF (%) 49.18 = 1.1 42.20 = 2.94 52.88 = 1.90 38.78 + 4.39 0.0337 0.7397 < 0.0001
LVID-d (mm) 4.17 = 0.04 3.86 = 0.10 4.26 = 0.07 3.94 = 0.08 0.9102 0.0188 < 0.0001
LV Mass (mg) 77.82 = 2.9 100.7 = 1.87 83.66 + 3.0 116.7 = 5.47 0.1000 0.0020 < 0.0001
LVPW-d (mm) 0.691 = 0.02 0.866 = 0.2 0.72 = 0.03 1.05 = 0.05 0.0016 0.0001 < 0.0001

Abbreviations: EF — left ventricular ejection fraction measured using Teicholz formula; LVIDd — left ventricular internal diastolic diameter; LVPWd — left ven-
tricular posterior wall diastolic diameter (Two-way ANOVA followed by a Bonferroni test for post-hoc analyses).

1258



D. Chen et al.

A cardiac interstitial fibrosis
WT Nrf2 KO
Q
L
<
()
>
R S
< {
<
Inter. Nrf2 Ang 1l
101 0wt *%* *%* *kk
= El Nrf2 KO
S~
N 8_
g o
k]
e
T 21
14
Vehicle Ang Il
C
Inter. Nrf2 Ang Il
- 6' D wT *% *% *k%
© El Nrf2 KO
°
o
5 41
O
o
s
< 21
(3]
o
o
“o
Vehicle Ang ll
E
Inter. Nrf2 Ang Il
1 5_ D wWT *%* *%* *k%k
P Bl Nrf2 KO
£
£
‘e 1.0
]
=)
g
< 0.5
o
k)
S
0.
Vehicle Ang Il

BBA - Molecular Basis of Disease 1865 (2019) 1253-1264

B cardiac perivascular fibrosis
WT Nrf2 KO
- =
© o
= W
(]
>
)
C
< e
Inter. Nrf2 Ang 1l
15 O wT *kk kkk k%
T . Ml Nrf2 KO
E 1.0
[Ten
o
205
=]
©
14
0.0
Vehicle Ang I
D
Inter. Nrf2 Ang Il
— 15 0O wt *%k  kkk kkk
5 W Nrf2 KO
38
5 10
(]
o
8
2 57
o
T
£ ole=—
Vehicle Ang Il
F
Inter. Nrf2 Ang Il
c a0, 2WT ns * %
'ﬁ Wl Nrf2 KO
.0
@ 30
o
w
)
o 20
(<]
f=
©
S 101
T
©
w o
Vehicle Ang Il

Fig. 3. The effect of Nrf2 deficiency on cardiac hypertrophy during Ang II-stimulation. A-B) Representative images (upper panel) and quantification (lower panel) of
cardiac interstitial and perivascular fibrosis (scale bars, 50 um; n = 4/group); C-F) Expression of mRNA for Collagen Ial, Collagen Ia3, Mmp-9 and Periostin in the heart
tissue, n = 6/group. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns: not significant (Two-way ANOVA followed by a Bonferroni test for post-hoc analyses).

phosphorylation (activation) of STAT3 in the heart of wildtype and IL-6
KO mice treated with Ang II, following the same procedure used with
Nrf2 KO mice. Our results showed that during Ang II infusion, STAT3
phosphorylation was significantly enhanced in the WT heart (Fig. 6A).
On the contrary, STAT3 phosphorylation in the heart of IL-6 knockout
mice during Ang II-induced cardiac damage was very low, suggesting a
key role of IL-6/STAT3 signaling pathway during Ang II-induced car-
diac injury (Fig. 6A). To investigate cardiac inflammation during Ang
II-infusion in the absence of IL-6, we assessed macrophage infiltration
by CD68 staining of the heart tissue from the four groups. The results
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showed that, at baseline, there was no difference of CD68 staining in
the heart of both genotypes (Fig. 6B). However, the presence of CD68
positive macrophages in the myocardium was significantly higher in
WT-Ang II hearts compared to IL-6 KO-Ang II hearts (Fig. 6B). The al-
teration of CD68 staining in the hearts of the four groups paralleled
STATS3 activation status as shown in Fig. 6A. These data support the
conclusion that during Ang II-induced hypertrophic cardiac injury, IL-6
plays as a key mediator in the activation of STAT3, which then pro-
motes inflammation, which is also observed in Nrf2 KO-Ang II hearts.
On the contrary, the absence of IL-6 could prevent Ang II-stimulated
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STATS3 activation and myocardial inflammation.

4. Discussion

In this work we show data supporting the existence of a previously
undescribed link between Nrf2-mediated regulation of inflammatory
signaling pathway and Ang II-induced cardiac injury that involves IL-6
and STAT3. Nrf2 expression increased in the heart during Ang II infu-
sion. Ang II stimulation induced more cardiac injury in mice deficient
for Nrf2 compared to wild type mice. These results provide evidence
that Nrf2 deficiency exacerbates cardiac injury during agonist-induced
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hypertrophic maladaptive remodeling of the heart. In addition, we also
show elevated circulating IL-6 and cardiac STAT3 activation in Nrf2
KO-Ang II mice and demonstrate that mice lacking IL-6 are protected
against Ang II-induced inflammation. These findings highlight the po-
tential role of Nrf2 in attenuating agonist-induced cardiomyopathy, and
its link to IL-6/STATS3 signaling during Ang II-induced cardiac injury.
During the process of cardiac adaptive remodeling to heart failure,
many networks are involved, including miRNAs [42-44], metabolic
molecules [45], apoptosis, inflammation, and oxidative stress. For the
cardiac performance, growing, hypertrophy and remodeling until the
heart failure, no data was reported about the evaluation of cardiac
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Fig. 5. Expression of IL-6 and STAT3 in the hearts of WT and Nrf2 KO mice after Ang II infusion. A) Circulating IL-6 concentration evaluated by ELISA, n = 5; B) II-6
mRNA expression in mice heart with different treatment, n = 4; C) upper panel: Representative Western blots of phospho-STAT3 (p-STAT3) and STAT3 in the heart
tissue. 1 and 2 represents different samples of each group. Representative western blots are shown from n = 5; lower panel: Densitometric values of protein
quantification; D) left panel: Representative image of CD68 staining in the heart of mice with different treatment; right panel: CD68 quantification of the heart tissue.
n = 4/group. Scale bar, 20 um. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns: not significant (Two-way ANOVA followed by a Bonferroni test for post-hoc

analyses).
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biomarkers as diagnostic, and monitoring markers, and prognostic
markers of all the adaptive conditions [46,47,48]. Nrf2 functions as a
key player in the redox homeostatic gene regulatory network
[19,20,49]. Data from Nrf2 KO mice confirm the protective role of Nrf2
in response to various harmful stimuli, including pressure overload-
induced cardiac dysfunction, myocardial ischemia/reperfusion injury
[21,27] and high glucose-induced myocardial damage via oxidative
oxidation injury [50]. Moreover, oxidative stress causes the enhance-
ment of endothelial apoptosis and contributed to a decrease in myo-
cardial capillary density, which together result in Ang II-induced pro-
gression of cardiac injury [51]. Our results showed that there was no
morphological or functional difference of the heart between WT and
Nrf2 KO mice in normal conditions. However, after Ang II infusion, Nrf2
mRNA level was markedly induced in WT heart, suggesting its in-
volvement during agonist-induced cardiomyopathy. In addition, our
observation that increased cardiac fibrosis, hypertrophy-related bio-
markers, oxidative stress, as well as serum concentration of LDH and
CK-MB, which are accepted as clinical index that evaluates the degree
of cardiac injury, in the heart of Nrf2 KO mice during Ang II infusion,
implied disrupted ability of compensation in response to harmful stress.

Chronic pressure overload activates left ventricular myocardial
growth which then initiates and maintains a hypertrophic response
[52]. In addition, blood pressure-lowering therapy reduces left ven-
tricular mass in patients with hypertension in comparison with placebo
treatment [53-55], suggesting systemic hypertension is highly corre-
lated to cardiac hypertrophy. Taixing Cui and collages proved that Nrf2
deficiency exacerbates Ang II-induced cardiac hypertrophy via oxida-
tive stress-dependent down-regulation of p27kipl [27]. However, whe-
ther Nrf2 deletion affects traditional hypertrophic signaling pathways
remains unknown. Many signaling pathways are involved in in-
flammatory cardiac pathogenesis including JAK/STAT3 [56,57].
During our investigation of the molecular mechanism by which Nrf2
mediates its anti-inflammatory effects on the myocardium, we first
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checked circulating IL-6, a pivotal cytokine that contributes to cardiac
development and the response to hypertrophic stimuli [58]. Our pre-
vious research proved that elevation of MEF2A expression is indis-
pensable during agonist-induced hypertrophy in cardiomyocytes [40].
We observed that MEF2A protein abundance was significantly induced
in the Nrf2 KO heart compared to the WT heart after Ang II stimulation.
Additionally, hypertrophic biomarkers including Anp and Bnp, were
also highly induced in shNrf2-Ang II cardiomyocytes. These results in-
dicate a correlation between cardiac hypertrophy and MEF2A expres-
sion and hypertrophy exacerbated by Nrf2 deficiency.

To find out relevant detrimental signaling molecules involved in
Nrf2 deficiency-induced injury, IL-6 was selected as a target because it
has been implicated involving in the Nrf2 signaling pathway in other
study [59]. Our results suggested that circulating IL-6 was significantly
elevated in Nrf2 KO mice during Ang II infusion, indicating the in-
volvement of IL-6 as well as the interaction between Nrf2 and IL-6
during Ang Il-induced hypertrophic cardiomyopathy. Accumulating
evidence suggests that the IL-6/STAT3 pathway is critical in myocardial
function and cardiac protection [60-62]. We observed that there was
no difference of p-STAT3 protein abundance between WT and Nrf2 KO
heart at baseline. However, after Ang II stimulation, p-STAT3 was sig-
nificantly induced in Nrf2 KO mice heart. To further investigate the
activation of IL-6/STAT3 signaling pathway in Nrf2 KO heart during
Ang Il-infusion, we performed CD68 staining of heart tissue from the
four groups. The result suggested an elevated presence of macrophages
in the Nrf2 KO heart compared to WT during Ang II stimulation, which
is consistent with the increased p-STAT3 abundance as well as p-
STAT3/STATS3 ratio observed in Nrf2 KO-Ang II hearts.

To investigate whether IL-6/STAT3 signaling is downstream of Nrf2,
we also used IL-6 KO mice treated with Ang II infusion or not, and our
data showed that STAT3 activation was abrogated in the hearts defi-
cient for IL-6 during Ang II infusion. Additionally, the amount of CD68
positive cells was much less affected by Ang 11 in the heart deficient for
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IL-6 compared to the heart of WT, which supports our conclusion that
Nrf2 negatively regulates IL-6/STAT3 signaling pathway during Ang II-
induced hypertrophic cardiomyopathy.

In our study, by using Ang II-induced hypertensive models in vivo
and in vitro, we show that Nrf2 is a negative regulator of hypertensive
cardiomyopathy. The deficiency of Nrf2 promoted an inflammatory
response by activating an important signaling pathway, which involves
IL-6 and STAT3 and causes cardiac inflammation. Moreover, Nrf2 de-
ficiency increased Ang II-induced oxidative stress. The above two ef-
fects together induce cardiac injury, therefore maladaptation and dys-
function. Our study is the first to report that genetic deletion of Nrf2
contributes to cardiac injury via enhancing the effect of IL-6/STAT3
signaling pathway. Therefore, these findings reveal a potential role of
Nrf2 in attenuating agonist-induced cardiomyopathy and its link to IL-
6/STAT3 signaling during Ang II-induced cardiac injury.
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