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Abstract Disrupted redox status primarily contributes to myocardial ischemia/reperfusion injury

(MIRI). NRF2, the endogenous antioxidant regulator, might provide therapeutic benefits.

Dihydrotanshinone-I (DT) is an active component in Salvia miltiorrhiza with NRF2 induction potency.

This study seeks to validate functional links between NRF2 and cardioprotection of DT and to investigate

the molecular mechanism particularly emphasizing on NRF2 cytoplasmic/nuclear translocation. DT

potently induced NRF2 nuclear accumulation, ameliorating post-reperfusion injuries via redox alter-

ations. Abrogated cardioprotection in NRF2-deficient mice and cardiomyocytes strongly supports

NRF2-dependent cardioprotection of DT. Mechanistically, DT phosphorylated NRF2 at Ser40, rendering

its nuclear-import by dissociating from KEAP1 and inhibiting degradation. Importantly, we identified

PKC-d-(Thr505) phosphorylation as primary upstream event triggering NRF2-(Ser40) phosphorylation.

Knockdown of PKC-d dramatically retained NRF2 in cytoplasm, convincing its pivotal role in mediating

NRF2 nuclear-import. NRF2 activity was further enhanced by activated PKB/GSK-3b signaling via

nuclear-export signal blockage independent of PKC-d activation. By demonstrating independent modula-

tion of PKC-d and PKB/GSK-3b/Fyn signaling, we highlight the ability of DT to exploit both nuclear

import and export regulation of NRF2 in treating reperfusion injury harboring redox homeostasis
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alterations. Coactivation of PKC and PKB phenocopied cardioprotection of DT in vitro and in vivo,

further supporting the potential applicability of this rationale.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Patients with myocardial infarction are urgent to re-open the
occluded coronary artery through timely percutaneous coronary
intervention1, which limits the loss of cardiomyocytes from pri-
mary ischemia but meanwhile exacerbates secondary injury in
reperfusion stage. This injury, termed myocardial ischemia/
reperfusion injury (MIRI), contributes to morbidity and mortality
in a worldwide range2. Myocardial ischemia/reperfusion involves
multi-faceted pathogenic factors3 which hampers the development
of effective therapies. Amongst numerous targets implicated in
MIRI, oxidative stress, initiating at the onset of reperfusion that
triggers subsequent pathological process, is worthwhile
intervention4.

Nuclear factor erythroid 2-related factor 2 (NRF2) is the car-
dinal regulator of intrinsic antioxidant system, rendering itself a
promising therapeutic target5. Under physiological condition,
NRF2 is retained in cytoplasm, being connected to Kelch-like
ECH-associated protein 1 (KEAP1) and constantly degraded by
proteasome. Upon exposure to oxidative stress or other stimuli,
NRF2 releases from KEAP1 and accumulated in nucleus to bind
to antioxidant response elements (ARE), and cytoprotective gene
expression is activated to confer cellular protection against
oxidative stress6. The transcriptional regulatory activity of NRF2
is decided by its intranuclear accumulation, which is a multi-phase
biological process under regulation of diversified signaling path-
ways. A first pivotal procedure for NRF2 nuclear accumulation is
release from KEAP17, which allows NRF2 to be transported into
nucleus by the intranuclear transporter, the importin family pro-
teins8. Besides, the nuclear import process is also affected by other
diverse nuclear import signals involving specific post-translational
modifications9e12. On the other hand, NRF2 that has translocated
to the nucleus also undergoes an export process primarily regu-
lated by Fyn-dependent mechanism, which causes nuclear exclu-
sion and inactivation of NRF2 signaling13. Considering the
therapeutic significance of maintaining redox homeostasis in
treating MIRI, regulating nuclear NRF2 accumulation by affecting
nuclear import/export action might be a prospective strategy to
limit reperfusion injury.

Salvia miltiorrhiza is a widely-used traditional Chinese medi-
cine that has been applied to clinic for treating cardiovascular
diseases in China for centuries14. In addition, modern clinical
evaluations demonstrate that application of S. miltiorrhiza injec-
tion can provide clinical benefits to patients undergoing cardio-
pulmonary bypass surgery through attenuating oxidative stress15.
Danshen was traditionally used by being boiled in water where the
hydrophilic components primarily contributed to the car-
dioprotective effects. And now Danshen has been widely applied
as varies forms of modern preparations, like tablets and capsules,
which contain both hydrophilic phenolic acids as well as lipo-
philic tanshinones, and pharmacological research has identified
both phenolic acids and tanshinones as effective cardioprotective
components of Danshen16e20. Dihydrotanshinone I (DT) is one of
the principal tanshinone derivatives in S. miltiorrhiza with re-
ported healthy benefits including cardioprotection and skin pro-
tection21,22. A previous study has reported that DT attenuated
myocardial reperfusion injury via inhibition of arachidonic acid
u-hydroxylase23. Since upregulation of arachidonic acid u-hy-
droxylase can be triggered by disrupted redox status24 and
meanwhile get restricted upon NRF2 activation25,26, whether these
beneficial effects of DT are mediated via modulation of NRF2
signaling has not been solidly elucidated yet. In addition, DT
activates NRF2 with reducing ROS production in skin cells, and it
is shown to inhibit NRF2 degradation and thus attenuate lung
injury by suppressing inflammation27,28. Although modification of
NRF2 degradation is proposed to be an important contributor to
DT-induced NRF2 activation, the upstream biological events
responsible for this phenomenon still remain unclear. Moreover,
whether DT can modulate NRF2 signaling by directly affecting
the nuclear/cytoplasmic translocation process has rarely been
investigated. For these reasons, in this study, we aim at clarifying
the links between NRF2-induction activity and cardioprotection of
DT against MIRI, and further seek to investigate the regulatory
mechanism of NRF2 signaling by focusing on the cytoplasmic/
nuclear translocation process.

2. Materials and methods

2.1. Chemical and reagents

DT was purchased from Chengdu MUST biotechnology
(Chengdu, China) and the purity was determined using HPLC
(�98%). Specific protein kinase B (PKB) inhibitor MK-2206
(HY-10358), protein kinase C (PKC) inhibitor Go-6983 (HY-
13689), PKC activator phorbol 12-myristate 13-acetate (PMA,
HY-18739), PKB activator SC79 (HY-18749), protein synthesis
inhibitor cycloheximide (CHX, HY-12320), proteasome inhibitor
MG-132 (HY-13259) and nuclear import inhibitor SN50 (HY-
P0151) were purchased from MedChemExpress (Princeton, NJ,
USA). Nuclear export inhibitor leptomycin B (LMB, S1726) was
purchased from Beyotime biotechnology (Shanghai, China).
Specific inhibitor for GSK-3b phosphorylation differentiation-
inducing factor 3 (DIF-3, D0567) and nuclear dye 40,6-
diamidino-2-phenylindole (DAPI, D8417) were purchased from
SigmaeAldrich (St. Louis, MO, USA). CELLROX fluorescent
dye (C10444), nuclear and cytoplasmic extraction reagents
(78833) and MitoTracker� Red CMXRos (M7512) were pur-
chased from Thermo Fischer Scientific (Waltham, MA, USA).
Primary antibodies against NRF2 (16396-1-AP) and importin-a5
(18137-1-AP) were purchased from Proteintech (Rosemont, PA,
USA). PKB (4691), ubiquitin (3933), normal rabbit IgG (2729),
lamin-B1 (12586), phosphorylated-GSK-3b (Ser9, 14630),
GSK-3b (12456), PKC-a (2056), PKC-ε (2683), PKC-d (2058),
phosphorylated-PKC-d (Thr505, 9374), phosphorylated-PKB
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(Ser473, 4060), Fyn (4023) and importin-b1 (51186) were pur-
chased from Cell Signaling Technology (Danvers, MA, USA).
PKC-h (ab179524), phosphorylated-NRF2 (Ser40, ab76026),
8-hydroxy-20-deoxyguanosine (8-OHDG, ab48508), a-actinin
(ab68167) and GAPDH were obtained from Abcam (Cambridge,
UK). KEAP1 antibody (MA5-17106) was purchased from Thermo
Fischer Scientific. IR dye-conjugated secondary antibodies were
purchased from LI-COR Biosciences (Lincoln, NE, USA).

2.2. Drug preparation and administration

For animal experiments, DT was freshly prepared in 0.5% sodium
carboxymethylcellulose aqueous solution, and drug was admin-
istered by gavage 3 h before ischemia/reperfusion operation. For
cellular experiments, DTwas prepared as stock solution in DMSO
at the concentration of 5 mmol/L and stored at �80 �C, and DT
was diluted to working concentration (0.1, 1, and 5 mmol/L) in
culture media and applied to cardiomyocytes for 6 h before
hypoxia/reoxygenation treatment.

2.3. Animal experiments and grouping

Wild type male C57BL/6 mice and Nrf2-knockout mice con-
structed on a C57BL/6 background were purchased from Model
Animal Research Center of Nanjing University (Nanjing, China).
All animals were maintained with 12 h of light/12 h of dark cycle,
25 �C and 55% of relative humidity, and free access to food and
water. All experimental protocols conducted on the mice were
approved by the Institutional Animal Care and Use Committee at
China Pharmaceutical University (Nanjing, China) in accordance
with the standards established by the Laboratory Animal Welfare
and Ethics Committee of China. After acclimating to the housing
environment for 7 days, mice were randomly assigned to sham,
I/R and respective medication groups (n Z 5 to 6 mice for each
experimental group as indicated).

2.4. Mouse model of myocardial ischemia/reperfusion

Mice were subjected to ischemia/reperfusion as previously
described29. Briefly, mice were anesthetized with pentobarbital
(50 mg/kg body weight, intraperitoneal injection), and the left
anterior descending artery (LAD) was ligated with 6-0 silk.
Ischemia was confirmed by an immediate color change of the
myocardium supplied by the vessel from bright red to pale and an
ST-segment elevation shown in electrocardiogram. Following
30 min of LAD occlusion, the ligature was released, and the mice
were allowed to recover. Injury indicators were determined at
different time points after reperfusion.

For preliminary evaluation of therapeutic efficacy of DT,
ischemia/reperfusion experiments were conducted on wild type
male C57BL/6 mice (aged 8e10 weeks). For validation of the
NRF2-dependency of DT’s cardioprotection, experiments were
parallelly carried out on male wildtype and Nrf2-KO animals
(aged 8e10 weeks) to compare the therapeutic efficacy.

2.5. Evaluation of myocardial infarct size

Myocardial infarct size was evaluated by 2,3,5-triphenyl tetrazo-
lium chloride (TTC) staining as previously described30. Briefly, at
the end of the 24 h reperfusion, the heart was excised and then
quickly frozen at �80 �C for 6 min. Thereafter, the heart was cut
into 4 to 5 pieces equably below the ligation position of the heart,
followed by incubation for 10 min at 37 �C in a phosphate-
buffered 1% TTC solution to determine infarcted myocardium.
The infarcted tissues remained pale, whereas normal tissues were
stained red. The pictures were captured with a digital camera
(Canon, Tokyo, Japan) and infarct size was analyzed by using
Image Pro Plus (IPP) 6.0 software (Media Cybernetics, Bethesda,
MD, USA).

2.6. Echocardiography

Echocardiography was performed at 2 weeks after reperfusion
with the Vevo 2100 imaging system (Visual Sonics Inc., Toronto,
Ontario, Canada) and a 30-MHz probe was applied to measure left
ventricular (LV) end-diastolic diameter (LVEDD), LVend-systolic
diameters (LVESD), anterior wall diastolic thickness (AWDT),
anterior wall systolic thickness (AWST), posterior wall diastolic
thickness (LVPWDT), and posterior wall systolic thickness
(PWST) at M-Mode. Fractional shortening (FS), ejection fraction
(EF), and left ventricular mass (LV mass) were calculated. The
investigator performing and reading the echocardiogram was
blinded to the treatment allocation.

2.7. 8-OHDG staining

Nuclear staining of 8-OHDG was performed as previously
described31. Heart cross-sections were placed in Coplin jars with
0.05% citraconic anhydride solution, pH 7.4 for 1 h at 98 �C and
then incubated overnight at 4 �C with the first antibody, followed
by the appropriate secondary antibody at 37 �C for 40 min.
Immunofluorescence studies were performed by applying mono-
clonal antibody against 8-OHDG to detect hydroxyl radical-
induced DNA oxidation as a sensitive and stable index of
oxidative stress in cells. Monoclonal antibody against a-actinin
was used to detect cardiomyocytes. Anti-rabbit IgG (HþL), F(ab0)
2 fragment (Alexa Fluor 488 conjugate) and anti-mouse IgG
(HþL), F(ab0)2 fragment (Alexa Fluor 555 conjugate) (Cell
Signaling Technology) were used as secondary antibodies. Sec-
tions were counterstained with DAPI and mounted with fluores-
cent mounting medium (Vectashield, Vector Laboratories, Jon
Burlingame, CA, USA) for fluorescence microscopic analysis
using a DeltaVision Ultra microscopic imaging system (GE Life
Science, Boston, MA, USA). All sections were evaluated with IPP
6.0 software.

2.8. Determination of cross-sectional area of cardiomyocytes

Determination of cross-sectional area of cardiomyocytes in LV
was performed as described previously32. 5-mm thick heart cross-
sections were counter-stained with wheat germ agglutinin (WGA,
Thermo Fischer Scientific) and DAPI. Fluorescent images were
captured with a DeltaVision Ultra microscopic imaging system
(GE Life Science).

2.9. Cell culture experiments and grouping

HL-1 mouse cardiac cells were purchased from the Jennio Biotech
Co., Ltd. (Guangzhou, China). Cells were cultured in 1� Dul-
becco’s modified Eagle’s medium (DMEM; 10569044, GIBCO,



74 Hao Zeng et al.
Thermo Fischer Scientific) supplemented with 10% fetal bovine
serum (FBS; 10099141, GIBCO, Thermo Fischer Scientific) and
antibiotics (100 unit/mL penicillin and 100 mg/mL streptomycin,
15140-122, GIBCO, Thermo Fischer Scientific) at 37 �C in a
humidified incubator containing 5% CO2 and 95% atmosphere.
The medium was changed approximately every 24 h. Once the
HL-1 cells reached confluence, cell cultures were split 1 to 3, and
this was designated as a passage. All experiments were performed
using cells between passages 5 and 15. New cultures were regu-
larly re-established from frozen stocks every 2 months. For cell
experiments, cells were seeded in petri-dishes or multi-well plates
and cultured to reach 90% confluency, and then the cells were
serum-starved overnight or for 12 h before subsequent treatment.

For cell culture experiments, immunoprecipitation experiments
were conducted for 3 times, and other experiments were repeat-
edly performed for 5 times. All multi-well and imaging assays
[including cell viability, lactate dehydrogenase (LDH) leakage,
ROS content and immunofluorescence experiments] were tripli-
cated for each separate experiment, and Western blot experiments
were repeatedly performed with 5 batches of different samples
without duplicates.

2.10. Hypoxia/reoxygenation model

Hypoxia/reoxygenation experiments were performed as previ-
ously described with minor modifications33. HL-1 cells were
seeded at the density of 1.0 � 104 cells/well in a 96-well plate and
cultured to reach 90% confluency. After serum-starved overnight,
cells were pretreated with vehicle or indicated drugs for 6 h. For
simulated hypoxia, culture medium was replaced with 100 mL
glucose-free DMEM (323381, SigmaeAldrich) and cells were
incubated in a humidified tri-gas incubator equilibrated with 94%
N2, 5% CO2 and 1% O2 for 8 h. Reoxygenation was initiated by
buffer exchange to 100 mL normal glucose culture medium and
incubation in 95% atmosphere and 5% CO2 for another 3 h.

2.11. Cell viability assays

Cell viability was determined by a colorimetric procedure with the
cell counting kit-8 (CCK-8, Dojindo Laboratories, Kumamoto,
Japan) according to manufacturer’s instructions. Cells were
seeded at a density of 1.0 � 104 cells/well in a 96-well plate. After
addition of CCK-8 working solution, cells were incubated at 37 �C
for 3 h, and cell viability was determined by measuring the
absorbance at 450 nm on a POLARstar Omega microplate reader
(BMG Labtech, Offenburg, Germany).

2.12. Determination of LDH leakage

LDH leakage was determined by a colorimetric procedure with the
cytotoxicity LDH assay kit (Dojindo Laboratories) according to
manufacturer’s instructions. Cells were seeded at a density of
1.0 � 104 cells/well in a 96-well plate. After cells were pretreated
with indicated stimulations, 30 mL culture medium per well was
collected and 100 mL of LDH assay buffer was added to initiate
the colorimetric reaction, and the mixture was incubated at 37 �C
for 30 min and LDH activity was determined by measuring the
absorbance at 490 nm on a POLARstar Omega microplate reader
(BMG Labtech).
2.13. Measurement of malondialdehyde (MDA)

MDA was measured by a colorimetric method with the MDA
assay kit (Beyotime biotechnology) according to manufacturer’s
instructions. Cells were seeded at a density of 2.0 � 105 cells/well
in a 6-well plate. After cells were pretreated with indicated
stimulations, 100 mL lysis buffer per well was added and lysate
was collected and centrifuged at 4 �C, 12,000�g for 10 min.
Supernatant was collected and used for subsequent measurement.
The protein content was determined by BCA method using a
Pierce BCA protein assay kit (23225, Pierce, Thermo Fischer
Scientific). For the measurement of MDA, TBA buffer was added
to sample to start up the colorimetric reaction, the solution was
incubated at 100 �C for 10 min and MDA concentration was
determined by measuring the absorbance at 532 nm, results were
adjusted with BCA value and expressed as mmol/g protein.

2.14. Determination of intracellular ROS content

Intracellular ROS content was determined with a green fluorescent
dye CellROX following manufacturer’s instructions. Cells were
stained with CellROX reagent at a final concentration of 5 mmol/L
at 37 �C for 30 min. After washing, fluorescent images were
captured by a DeltaVision Ultra microscopic imaging system (GE
Life Science), and fluorescent intensity was calculated with IPP
6.0 software.

2.15. Immunofluorescence

Cells were fixed with 3.7% paraformaldehyde diluted in warm
PBS for 15 min, followed by permeabilizing and blocking in
blocking buffer (5% normal goat serum (005-000-121, Jackson
ImmunoResearch Inc., Bar Harbor, ME, USA) and 0.3% Triton-
X-100 in PBS) for 60 min. Immunostaining were performed by
incubation with specific primary antibody at 4 �C overnight. Anti-
rabbit IgG (HþL), F(ab0)2 fragment (Alexa Fluor 488 conjugate)
or anti-mouse IgG (HþL), F(ab0)2 fragment (Alexa Fluor� 555
conjugate, Cell Signaling Technology) were used as secondary
antibodies. Cells were counterstained with DAPI and mounted
with Vectashield fluorescent mounting medium (Vector Labora-
tories) for fluorescent microscopic analysis using a DeltaVision
OMX or DeltaVision Ultra microscopic imaging system (GE Life
Science). For samples counterstained with Mitotracker, cells were
first stained with MitoTracker� Red CMXRos (200 nmol/L),
followed by standard immunofluorescent procedures.

2.16. RNA interference

For RNAi experiments, siRNA targeting Nrf2 and scrambled
siRNA (Genepharma, Shanghai, China) were used (siRNA se-
quences were listed in Table 1). For a single well of a 6-well plate,
100 pmol siRNA and 10 mL Xfect RNA transfection polymer
(631450, Takara, Kyoto, Japan) were added to 200 mL Xfect re-
action buffer, mixed thoroughly and placed at room temperature
for 10 min to generate a transfection mixture. For transfection,
culture medium was replaced with antibiotic-free DMEM and
transfection mixture was added. The plate was incubated at 37 �C
for 4 h and transfection complexes were removed and replaced



Table 1 Nucleotide sequences of siRNA.

Species Name Sequence (50e30)

Mus musculus Nrf2 siRNA Sense: CGAGAAGUGUUUGACUUUATT

Antisense: UAAAGUCAAACACUUCUCGTT

Mus musculus Pkc-a siRNA Sense: CCAUCAAGAUCCUGAAGAATT

Antisense: UUCUUCAGGAUCUUGAUGGTT

Mus musculus Pkc-d siRNA Sense: CCAAGGACAUCAUGGAGAATT

Antisense: UUCUCCAUGAUGUCCUUGGTT

Mus musculus Pkc-h siRNA Sense: GGAAAGUGUUUGUGGUAAUTT

Antisense: AUUACCACAAACACUUUCCTT

Mus musculus Pkc-ε siRNA Sense: UCAUCAAGGUGUUGGGCAATT

Antisense: UUGCCCAACACCUUGAUGATT

Mus musculus Scrambled siRNA Sense: UUCUCCGAACGUGUCACGUTT

Antisense: ACGUGACACGUUCGGAGAATT
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with fresh media. Analysis of knockdown efficiency and other
experiments were conducted 24 h post-transfection.
2.17. Plasmid transfection

For plasmid transfection, plasmid overexpressing Nrf2 (pcDNA,
VectorBuilder, Guangzhou, China) was used. For a single well of a
6-well plate, 2.5 mg plasmid and 0.75 mL Xfect RNATransfection
Polymer (631317, Takara) were added to 100 mL Xfect reaction
buffer, mixed thoroughly and placed at room temperature for
10 min to generate a transfection mixture. For transfection, culture
medium was replaced with antibiotic-free DMEM and transfection
mixture was added. The plate was incubated at 37 �C for 4 h and
transfection complexes were removed and replaced with fresh
media.

2.18. Adeno-associated virus serotype 9 (AAV9)-based cardiac-
specific knockdown of Nrf2

For cardiac-specific knockdown of Nrf2 in mice, recombinant
adeno-associated virus (serotype 9) vectors carrying mouse Nrf2
with a c-Tnt promoter (AAV9-Nrf2, Hanbio Inc., Shanghai, China)
were used34. In brief, mice were injected with 100 mL of AAV9-
Nrf2 virus suspension (virus titer>1012 vg/mL) blend with 100 mL
normal saline. Control mice were parallelly injected with equal
amount of AAV9-control. After validation of cardiac Nrf2-
knockdown efficiency 3 weeks after AAV9 injection by using q-
PCR and Western blot method, mice were randomly divided into
different groups and subjected to subsequent I/R experiments.

2.19. Ubiquitination analysis

36 h after transfection with plasmids overexpressing Nrf2, cells
were pretreated with vehicle or proteasome inhibitor MG-132
(5 mmol/L) for 6 h, followed stimulation with vehicle or DT for
another 6 h. Immunoprecipitation was conducted using a Pierce™
Classic Magnetic IP/Co-IP Kit (88804, Thermo Fischer Scienti-
fic). Whole cell lysate was collected and incubated with 1 mg of
Nrf2 or IgG primary antibody at 4 �C on a rocker overnight.
Twenty microliters of resuspended protein A/G magnetic beads
were added to the samples, followed by incubation at 4 �C for 4 h.
Immunoprecipitate was collected and the sediments were washed
three times in lysis buffer, resuspended in 80 mL of elution buffer
at room temperature for 5 min. The eluted proteins were analyzed
by standard Western blot procedures with an anti-ubiquitin
antibody.

2.20. Isolation of cytoplasmic/nuclear protein

Cytoplasmic and nuclear protein of cardiac tissues or cultured
cells was isolated with NE-PER nuclear and cytoplasmic extrac-
tion reagents (Thermo Fischer Scientific) according to manufac-
turer’s instructions. For heart samples, 30 mg tissue per heart was
used and homogenate was prepared by using an oscillating ho-
mogenizer. For culture cells, 1 � 107 cells per sample were used.

2.21. Western blot

Protein samples were resolved on polyacrylamide gels and
transferred to 0.45 mm nitrocellulose filter membranes. Mem-
branes were blocked with nonfat milk (5% in Tris-buffered saline,
TBS) for 0.5 h at room temperature, and then with primary anti-
body in TBS supplemented with 3% bovine serum album (BSA)
overnight at 4 �C. Membranes were washed with TBST
(3 � 10 min), then incubated with the appropriate secondary
antibody in TBS at room temperature for 2 h and washed again.
Protein quantification was performed on an odyssey Sa Imaging
System (LI-COR Biosciences).

2.22. RNA isolation and quantitative-PCR (q-PCR)

Total RNA from tissue or cell samples was isolated using total
RNA extraction reagent (R401-1, Vazyme Biotech, Nanjing,
China) and reversed transcribed using a HiScript II reverse tran-
scription system (R223-1, Vazyme Biotech) according to the
manufacturers’ instructions. q-PCR experiment was performed in
a 20 mL reaction system, which contains 10 mL AceQ qPCR
SYBR green master mix (Q121-1, Vazyme Biotech), 7 mL H2O,
2 mL cDNA, and 1 mL primer, using the LightCycler480 q-PCR
system (Roche Molecular Systems, Inc., Basel, Switzerland). 18S
was used as internal reference and relative gene expression was
expressed as the percentage of expression level in control group.
The primer sequences for Nrf2, Ho-1, Nqo-1, Gclc and 18s were
listed in Table 2.

2.23. Randomization and blinding

In mice I/R experiments, mice were randomly assigned to sham,
model and drug treatment conditions. Then, cyto-biology and



Table 2 Nucleotide sequences of q-PCR primers.

Species Gene of interest Sequence (50e30)

Mus musculus Nrf2 Sense: CGAGATATACGCAGGAGAGGTAAGA

Antisense: GCTCGACAATGTTCTCCAGCTT

Mus musculus Ho-1 Sense: TGACAGAAGAGGCTAAGACCG

Antisense: AGTGAGGACCCACTGGAGGA

Mus musculus Nqo-1 Sense: CGCCTGAGCCCAGATATTGT

Antisense: GGAAAGGACCGTTGTCGTAC

Mus musculus Gclc Sense: CAGTCAAGGACCGGCACAAG

Antisense: CAAGAACATCGCCTCCATTCAG

Mus musculus 18s Sense: CGGCTACCACATCCAAGGAA

Antisense: GCTGGAATTACCGCGGCT
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molecular biology detection was carried out in blind fashion. Data
statistics were also run in blind fashion.

2.24. Statistical analysis

All data are expressed as mean � standard deviation (SD) unless
otherwise noted. Significance between two groups was performed
by Student’s two-tailed t-test with GraphPad Prism 6.01 (Graph-
Pad Software, La Jolla, CA, USA). In other cases, significance
across more than two groups was done in Prism with one-way
ANOVA. P < 0.05 was considered significant for all tests.

3. Results

3.1. DT induces NRF2 activation and ameliorates myocardial
ischemia/reperfusion and hypoxia/reoxygenation injury with
maintained redox homeostasis

Firstly, the protective effects of DT (see chemical structure in
Fig. 1A) against MIRI were investigated in mouse model. DT was
administered to C57BL/6 mice (5 mg/kg body weight) by gavage
3 h before ischemia/reperfusion (I/R) operation following exam-
ination of injury indicators at different time points. Myocardial
infarct size was determined using TTC staining at 24 h after the
operation. As a result, infarct size increased to 34% after I/R insult
and was restored to 23% by DT pretreatment (Fig. 1B). Cardiac
functions were determined 2 weeks after I/R operation: I/R
significantly impaired cardiac functions, indicated by marked
decrease in EF (from 64% to 45%) and FS (from 35% to 22%),
and were preserved to 53% and 27% by DT (Fig. 1C). I/R-induced
pathological ventricular hypertrophy, indicated by increased cross-
sectional area of cardiomyocytes, was also blunted by DT
(Fig. 1D). For further evaluation of oxidative injury, nuclear
staining of 8-OHDG as a signature of free radical formation was
performed in LV. As a result, nuclear 8-OHDG intensity markedly
increased after I/R and was also relieved by DT treatment
(Fig. 1E). To elucidate the possible protective mechanism of DT,
we examined nuclear protein level of NRF2, the key transcrip-
tional factors regulating antioxidant system. As a result, nuclear
NRF2 content was slightly elevated (2.3-fold) after I/R insult,
probably as an adaptive response to I/R-induced oxidative injury,
and DT pretreatment augmented nuclear NRF2 to a much higher
level (5.8-fold, Fig. 1F).

To further examine cellular cardioprotection of DT, an in vitro
H/R model on HL-1 mouse cardiomyocytes was applied. Notably,
pretreatment of DT potently ameliorated H/R-induced cell
viability reduction (Fig. 1G). LDH leakage is a pivotal indicator of
cytomembrane integrity. We show that H/R substantially increased
LDH leakage in the supernatant (5.6-fold of control group), and
such increase could be significantly ameliorated by DT (Fig. 1H).
The content of lipid peroxidation intracellular product MDA, a
direct index of oxidative stress, increased from 2.0 to 5.8 mmol/g
protein in H/R-exposed cells and was dose-dependently decreased
by DT, reaching a minimum value of 2.9 mmol/g protein at
5 mmol/L (Fig. 1I). Therefore, DT at 5 mmol/L was employed in
subsequent cell experiments unless otherwise noted. In addition,
intracellular ROS level, indicated by CELLROX intensity, H/R
challenge was shown to elevate intracellular ROS level to about
2.1-fold of control cells and DTwas shown to restore it to 1.2-fold
(Fig. 1J). Furthermore, nuclear NRF2 level was shown to elevate
dose-dependently by DT pretreatment, which is consistent with
the in vivo results (Fig. 1K).

Above results collectively support that DT pretreatment can
potently ameliorate MIRI with improved redox homeostasis, and
significant induction of NRF2 is associated.

3.2. Cardioprotective effects of DT is dependent on NRF2-
mediated antioxidative response

Being illustrated that DT activated NRF2 signaling, reduced
myocardial infarct size and finally preserved cardiac functions
after I/R, we wondered whether DT-provided cardioprotection
were dependent on NRF2 antioxidative response in vivo. There-
fore, global Nrf2-knockout (Nrf2-KO) mice were constructed and
animal experiments were parallelly conducted on wildtype and
Nrf2-KO animals to compare the therapeutic efficacy. Nrf2
knockout was validated in cardiac tissues by Western blot and q-
PCR experiments (Fig. 2A and B). Accordingly, expression of
NRF2 downstream genes Ho-1, Nqo-1 and Gclc was extensively
downregulated (Ho-1: 47%, Nqo-1: 23%, Gclc: 33%, compared to
WT mice) in Nrf2-KO mice (Fig. 2CeE). Despite that no sig-
nificant differences in EF and FS existed between healthy WT
mice and Nrf2-KO mice, Nrf2-KO mice exhibited exacerbated
infarct size and cardiac functions compared to WT mice after I/R,
probably as a result of deficiency in antioxidative system.
Importantly, DT-provided cardioprotective effects were blunted in
Nrf2-KO mice, represented by comparable infarct size, EF, FS and
LV mass in DT and vehicle-treated Nrf2-KO mice (Fig. 2F and G).
Consistently, DT failed to significantly improve the injury in-
dicators examined by WGA and 8-OHDG staining (Fig. 2H and I)
in Nrf2-KO mice.

To further examine the role of NRF2 for DT-provided pro-
tection in vitro, specific siRNA targeting Nrf2 was applied in HL-1



Figure 1 DT induces NRF2 activation and ameliorates myocardial ischemia/reperfusion and hypoxia/reoxygenation injury with maintained

redox homeostasis. (A) Chemical structure of dihydrotanshinone I. (B) Representative images and calculated infarct size of the myocardium, scale

bar Z 2 mm (n Z 5). (C) Echocardiogram of LVand the calculated EF and FS (n Z 6). (D) Representative images of WGA-stained LV sections

and the calculated cross-sectional area of cardiomyocytes, scale bar Z 25 mm (n Z 6). (E) Representative images of 8-OHDG/a-actinin/DAPI-

stained LV sections and the calculated nuclear 8-OHDG intensity, scale bar Z 100 mm (n Z 6). (F) Nuclear protein level of NRF2 in the

myocardium of sham, I/R and DT-treated mice (n Z 5). (G)e(I) Cell viability, extracellular LDH leakage and intracellular MDA content of

cardiomyocytes (n Z 5). (J) Representative images of CELLROX-stained cardiomyocytes, scale bar Z 20 mm (n Z 5). (K) Nuclear protein level

of NRF2 in control, H/R and DT-treated cardiomyocytes (n Z 5). Data are expressed as mean � SD, #P < 0.05 versus sham or control group;

*P < 0.05 versus I/R or H/R group.
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Figure 2 Genetically knockout of Nrf2 abolishes the cardioprotective effects of DT against MIRI. (A) and (B) Protein level and gene

expression of Nrf2 in cardiac tissues of wild type (WT) and Nrf2-KO mice (n Z 5). (C)e(E) Gene expression of Ho-1, Nqo-1 and Gclc in cardiac

tissues of WT and Nrf2-KO mice (n Z 5). (F) Representative images and calculated infarct size of the myocardium of WT and Nrf2-KO mice,

scale bar Z 2 mm (n Z 5). (G) Echocardiogram of LV and the calculated results of EF, FS and LV mass (n Z 6). (H) Representative images of

WGA-stained LV sections, scale bar Z 25 mm (n Z 5). (I) Representative images of 8-OHDG/a-actinin/DAPI-stained LV sections, scale

bar Z 100 mm (n Z 5). Data are expressed as mean � SD, *P < 0.05 versus WT group (BeE); *P < 0.05 versus I/R group (F) and (G).
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cardiomyocytes for the knockdown of Nrf2 (Supporting Infor-
mation Fig. S1AeS1D) and H/R stimulation was applied. Indi-
cated by results from CELLROX staining, cell viability, LDH
leakage and MDA assay, siRNA-based knockdown of Nrf2 abol-
ished DT-induced protective effects after H/R (vehicle-treated vs.
DT-treated cells in Nrf2 knockdown cells, cell viability: 45% vs.
52%, LDH leakage: 542% vs. 482% and MDA content:
7.0 mmol/g protein vs. 6.4 mmol/g protein (Fig. S1EeS1H). These
results collectively validate that cardioprotection against MIRI
offered by DT is dependent on activation of NRF2 signaling.
3.3. DT facilitates nuclear translocation and prevents
degradation of NRF2 by phosphorylation at Ser40 via PKC-
dependent mechanism

To dig into the regulatory mechanism of NRF2 activation, we
firstly checked the induction of NRF2 nuclear retention in resting
cells. DT in different concentrations was applied to HL-1 car-
diomyocytes for 6 h, nuclear NRF2 levels were examined by
Western blot and immunofluorescence. As a result, nuclear NRF2
level increased in response to DT pretreatment with a peak at
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5 mmol/L (Fig. 3A and B). Consistently, transactivation of NRF2
downstream genes Ho-1, Nqo-1 and Gclc were also significantly
induced (Fig. 3CeE).

Next, since DT induced NRF2 translocation to the nucleus, we
hypothesized that DT could affect the expression of nuclear
import transporters. However, Western blot results show that DT
did not significantly alter intracellular content of the well-defined
NRF2 importing proteins, importin-a5 and importin-b1 (Sup-
porting Information Fig. S2A and S2B). Additionally, immuno-
fluorescent results indicate that cytoplasmic/nuclear distribution of
importin-a5 and importin-b1 was also not evidently altered by DT
(Fig. S2C and S2D), so there might exist other mechanisms. We
show that apart from increased nuclear NRF2 level, total NRF2
content was also dose-dependently upregulated in response to DT
treatment (Fig. 3F). Furthermore, DT increased total NRF2 con-
tent in the presence of protein synthesis inhibitor CHX
(25 mmol/L), indicating that DT blocked the degradation of NRF2
(Fig. 3G), and DT decreased ubiquitin content in NRF2-
immunoprecipitated sample (Fig. 3H). These results show that
ubiquitination-dependent degradation of NRF2 was inhibited by
DT, which was in accordance with a previous report. Since DT
increased total NRF2 level and rendered nuclear accumulation, we
hypothesized that there might be an upstream regulator con-
vergently mediating these events. We firstly examined whether DT
could promote NRF2 release by decreasing the expression of
NRF2 inhibitordKEAP1, but results show that protein level of
KEAP1 was not significantly altered (Fig. 3I). We then turned to
examine phosphorylation of NRF2 at Ser40, which is proposed to
dissociate NRF2 from KEAP1 and enables its nuclear import.
Surprisingly, NRF2 (Ser40) phosphorylation increased in response
to DT stimulation (Fig. 3J). Among pleiotropic protein kinase
families, PKC is putatively regarded to directly function on NRF2.
As expected, specific PKC inhibitor Go-6983 largely blunted
phosphorylation of NRF2 at Ser40 (Fig. 3K) and reversed DT-
induced inhibition of NRF2 ubiquitination (Fig. 3L), collectively
indicating that these modifications are dependent on PKC. In
addition, Western blot experiments indicate that Go-6983 partially
reversed NRF2 nuclear accumulation induced by DT, and NRF2
showed more retention outside the nucleus region (Fig. 3M).
Finally, DT-induced upregulation of Ho-1, Nqo-1 and Gclc mRNA
level as well as beneficial effects were concordantly abrogated by
Go-6983 (Supporting Information Fig. S3AeS3E).

In this section, we have identified, for the first time, PKC as a
pivotal mediator that triggers DT-induced phosphorylation of
NRF2 at Ser40, which mediates the release of NRF2 from KEAP1
and therefore facilitates nuclear import.

3.4. PKC-d-triggered NRF2 (Ser40) phosphorylation
contributes to DT-induced NRF2 nuclear import

Being shown that NRF2 nuclear import is dependent on PKC
activation, we sought to clarify more specific modulatory mech-
anism of DT. The PKC family has several isoforms, among which
PKC-a, PKC-d, PKC-h and PKC-ε are most closely related to
oxidative injury and cardioprotection. In order to confirm the
exact isoform responsible for DT-induced NRF2 activation,
siRNA targeting different Pkc isoforms was applied. Knockdown
efficiency was firstly examined by Western blot experiment, and
siRNA with high efficiency and specificity is chosen. Conse-
quently, among all siRNA-treatment groups, only knockdown of
Pkc-d expression significantly reversed DT-induced NRF2 (Ser40)
phosphorylation (Fig. 4A), indicating that PKC-d might be the one
that targets NRF2. PKC-d is a PKC isoform closely involved in
oxidative response, and its activity is regulated via multiple
mechanisms including transcriptional regulation, membrane
translocation and post-translational modifications. DT did not
significantly increase intracellular protein content of PKC-d
(Fig. 4B), and immunofluorescent results indicate the absence of
evident mitochondrial translocation of PKC-d (Fig. 4C). Then we
continued to examine its phosphorylation at Thr505, a conserved
threonine residue that decided PKC-d activity. As a result, PKC-d
retained a relatively low phosphorylation level at Thr505 in resting
cardiomyocytes and could be upregulated by DT dose-
dependently (Fig. 4D). Western blot experiments indicate that
siRNA-dependent Pkc-d knockdown decreased nuclear NRF2
level (Fig. 4F). Consistently, immunofluorescent experiments
indicate that NRF2 nuclear accumulation induced by DT is also
reversed, and NRF2 showed more retention outside the nucleus
region (Fig. 4E), indicating its phosphorylation is dependent on
PKC-d activation. Finally, Pkc-d knockdown abrogated DT-
induced cardioprotection against H/R injury, manifested by
exacerbated loss-of cell viability and LDH release (Fig. 4G and
H).

Here we provide solid evidences demonstrating that PKC-d
activation is required for DT-induced NRF2 (Ser40) phosphory-
lation and subsequent nuclear import, phosphorylation of PKC-d
at Thr505 triggers NRF2-dependent antioxidant response that
underlies the cytoprotective effects of DT.

3.5. DT blocks Fyn-dependent NRF2 nuclear export via PKB/
GSK-3b signaling

Apart from nuclear import signals (NIS), intranuclear NRF2 level
is also presided over by nuclear export signals (NES) that might
compromise the antioxidant activity. For this reason, we specu-
lated that combining DT with LMB, a nuclear export inhibitor,
could yield a synergistic effect in nuclear accumulation of NRF2
and probably enhance therapeutic efficacy against oxidative stress.
However, beyond our expectation, application of LMB
(50 nmol/L) did not further increase nuclear NRF2 level in DT-
treated cardiomyocytes (Fig. 5A). In the meanwhile, seeing that
blocking nuclear import of NRF2 by inhibiting PKC-d seemed
incompetent to fully abolish DT-induced NRF2 nuclear accumu-
lation, we thus hypothesized that besides PKC-d-dependent nu-
clear import promotion, the nuclear export signaling of NRF2
might have also been occupied by DT. Supporting this hypothesis,
DT delayed nuclear export of NRF2 in the presence of NIS in-
hibitor SN-50 (Fig. 5B), also directing us to investigate nuclear
export-related mechanism.

Fyn, a tyrosine kinase, was reported to phosphorylate nuclear
NRF2 at Tyr568 and promoted NRF2 export from nucleus, we
evaluated whether Fyn could mediate DT-induced nuclear export
of NRF2. Consistently, nuclear Fyn was downregulated by DT
dose-dependently (Fig. 5C). Phosphorylation of Fyn was driven by
its upstream kinase GSK-3b and positively regulates the nuclear
translocation of Fyn. Western blot assays hinted that DT dose-
dependently inactivated GSK-3b by phosphorylating at its Ser9
residue (Fig. 5D), which hindered nuclear accumulation of Fyn.
As a potential regulator of GSK-3b activity, PKB was thereby
investigated for its phosphorylation level at the canonical sites
Ser473. As expected, DT significantly increased the protein
phosphorylation of PKB at Ser473 (Fig. 5E). A specific PKB in-
hibitor MK-2206 (2 mmol/L) and a phosphorylation inhibitor for
GSK-3b, DIF-3 (10 mmol/L) were employed to block the



Figure 3 DT facilitates nuclear translocation and prevents degradation of NRF2 by phosphorylation at Ser40 via PKC-dependent mechanism.

(A) Representative images of immunofluorescent staining of NRF2 in cardiomyocytes and the calculated intensity of nuclear NRF2, scale

bar Z 10 mm (n Z 5). (B) Nuclear protein level of NRF2 in cardiomyocytes treated with DT in different concentrations (n Z 5). (C)e(E) Gene

expression of Ho-1, Nqo-1 and Gclc determined by q-PCR experiment in cardiomyocytes (n Z 5). (F) Total protein level of NRF2 (n Z 5). (G)

Total protein level of NRF2 in cardiomyocytes treated with vehicle or DT in the absence or presence of cycloheximide (CHX, 25 mmol/L; nZ 5).

(H) Ubiquitination analysis of NRF2 (n Z 3). (I) Total protein level of KEAP1 (n Z 5). (J) Protein phosphorylation of NRF2 at Ser40 (n Z 5).

(K) Protein phosphorylation of NRF2 at Ser40 in cardiomyocytes treated with DT in the absence and presence of Go-6983 (n Z 5). (L)

Ubiquitination analysis of NRF2 (n Z 3). (M) Cytoplasmic and nuclear protein level of NRF2 in cardiomyocytes treated with DT in the absence

and presence of Go-6983. Data are expressed as mean � SD, *P < 0.05 versus CHX group (BeF, J), *P < 0.05 versus CHX group (G),
#

P < 0.05

versus control group, *P < 0.05 versus DT group (K).
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Figure 4 PKC-d-triggered NRF2 (Ser40) phosphorylation contributes to DT-induced NRF2 release and nuclear import. (A) Protein phos-

phorylation of NRF2 at Ser40 upon respective knockdown of several primary PKC isoforms in cardiomyocytes (n Z 5). (B) Total protein level of

PKC-d (nZ 5). (C) Counterstaining of PKC-d and intracellular mitochondria, scale bar Z 20 mm (nZ 5). (D) Protein phosphorylation of PKC-d

at Thr505 in cardiomyocytes treated with DT (n Z 5). (E) Immunofluorescent staining of intracellular NRF2, scale bar Z 20 mm (n Z 5). (F)

Nuclear protein level of NRF2 (n Z 5). (G) and (H) Cell viability and extracellular LDH leakage of cardiomyocytes (n Z 5). Data are expressed

as mean � SD, #P < 0.05 versus control group, *P < 0.05 versus DT group (A) and (F); *P < 0.05 versus control group (D); *P < 0.05 versus

indicated group (G) and (H).
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phosphorylation of PKB and GSK-3b to examine the links be-
tween activation of PKB/GSK-3b/Fyn axis and nuclear NRF2
retention. Both application of MK-2206 or DIF-3 reversed DT-
induced phosphorylation of GSK-3b at Ser9 and aggravated the
nuclear accumulation of Fyn (Fig. 5G and H), resulting in
augmented nuclear export signaling of NRF2, and consequently
decreased nuclear NRF2 level (Fig. 5I). Phosphorylation of PKB
was not evidently altered by DIF-3 treatment (Fig. 5F), which
accords with previous findings that GSK-3b serves as a
downstream substrate for PKB. These results demonstrate that
apart from PKC-d-dependent NRF2 nuclear import pathway, Fyn-
dependent inhibition of NRF2 export signaling is blocked by DT
through PKB/GSK-3b-related mechanism, which might synergize
PKC-d in augmenting the nuclear accumulation of NRF2. In order
to capture above molecular changes induced by DT in vivo, we
further investigated activation of PKC-d and PKB/GSK-3b
signaling in cardiac tissues from mice administered with DT. As a
consequence, PKC-d and PKB/GSK-3b were concordantly



Figure 5 DT blocks Fyn-dependent NRF2 nuclear export via PKB/GSK-3b signaling. (A) Nuclear protein level of NRF2 in cardiomyocytes

treated with DT or LMB, either alone or in combination (n Z 5). (B) Nuclear protein level of NRF2 in cardiomyocytes treated with SN50, either

alone or in combination with DT (n Z 5). (C)e(E) Nuclear protein level of Fyn, protein phosphorylation of GSK-3b (Ser9) and PKB (Ser473) in

cardiomyocytes treated with DT (n Z 5). (F) and (G) Protein phosphorylation of PKB (Ser473) and GSK-3b (Ser9) in cardiomyocytes treated

with DT or MK-2206 or DIF-3, either alone or in combination (n Z 5). (H) and (I) Nuclear protein level of Fyn and NRF2 in cardiomyocytes

treated with DT or MK-2206 or DIF-3, either alone or in combination (n Z 5). Data are expressed as mean � SD, *P < 0.05 versus indicated

group (B); *P < 0.05 versus control group (C)e(E);
#

P < 0.05 versus DT group, *P < 0.05 versus DT group (F)e(I).
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activated in a dose-dependent manner (Supporting Information
Fig. S4AeS4C), further supporting our findings in cellular
experiments.

3.6. PKB/GSK-3b synergizes PKC-d signaling in convergently
promoting DT-induced NRF2 nuclear retention and conferring
potentiated protection against oxidative injury

Being implicated that both PKC-d and PKB/GSK-3b/Fyn
signaling were occupied in DT-treated cells, we tried to clarify
the functional links. Despite that Go-6983 abrogated activation
of PKC-d (Fig. 6B), no significant changes were observed in
neither phosphorylation of PKB or GSK-3b nor nuclear Fyn
content (Fig. 6A and E). Meanwhile, DT-induced phosphory-
lation of PKC-d was not evidently altered by PKB inhibitor
MK-2206 (Fig. 6B), these results collectively indicate that the
phosphorylation of PKC-d and PKB/GSK-3b/Fyn might oper-
ate independently. We further examined whether PKB activa-
tion altered NRF2 nuclear import by directly phosphorylating
NRF2 at Ser40. In resting cardiomyocytes, no significant
spatial co-localization was found between p-PKB and NRF2.
Although DT upregulated intracellular NRF2 and p-PKB



Figure 6 PKB/GSK-3b synergizes PKC-d signaling in convergently promoting DT-induced NRF2 nuclear retention and conferring potentiated

protection against oxidative injury. (A) and (B) Total protein level of phosphorylated PKB (Ser473), phosphorylated GSK-3b (Ser9) and

phosphorylated PKC-d (Thr505) in cardiomyocytes treated with DT or MK-2206 or Go-6983, either alone or in combination (n Z 5). (C) Co-

localization analysis of phosphorylated PKB (Ser473) and NRF2 using ultra-resolution microscopy. (D) and (E) Total protein level of phos-

phorylated NRF2 (Ser40) and nuclear protein level of NRF2 and Fyn in cardiomyocytes treated with DT or MK-2206 or Go-6983, either alone or

in combination (n Z 5). (F) Nuclear protein level of NRF2 in cardiomyocytes treated with DT, MK-2206, Go-6983 or LMB, either alone or in

combination (n Z 5). Data are expressed as mean � SD, *P < 0.05 versus indicated treatment.
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(Ser473) level, it failed to induce evident co-localization of
both protein (Fig. 6C). Phosphorylation of NRF2 (Ser40) was
not reversed by MK-2206 (Fig. 6D), further demonstrating that
NRF2 (Ser40) phosphorylation is independent of PKB
activation.
We further determined the contribution of PKC-d/NRF2 (Ser40)
and PKB/GSK-3b/Fyn axis in inducing NRF2 nuclear retention.
Combination of Go-6983 and MK-2206 exhibited a more potent
suppressing effect on nuclear NRF2 content (Fig. 6E) and NRF2-
downstream ARE genes (Supporting Information Fig. S5AeS5C).
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Combining both inhibitors additively attenuated antioxidative-
associated protective effects, evidenced by the highest LDH
leakage andMDA content as well as the lowest cell viability among
all medication groups (Fig. S5DeS5F). Finally, we tested whether
restrained nuclear NRF2 retention by Go-6983 or MK-2206 could
be rescued by LMB. A significant increase of nuclear NRF2 level is
induced by LMB inMK-2206 and DT-treated cardiomyocytes other
than Go-6983 and DT-treated cells (Fig. 6F). Hence, it could be
conceivably concluded thatDT-induced activation of PKB signaling
basically contributed to the inhibition of NRF2 export signaling
while PKC-d merely regulated it.

These data manifest independent mode of actions of PKC-d/
NRF2 (Ser40) and PKB/GSK-3b signaling in regulating cyto-
plasmic/nuclear NRF2 translocation. Both pathways synergisti-
cally augment nuclear NRF2 accumulation, which might be a
major contributor to DT-provided therapeutic effects.

3.7. Co-activation of PKC and PKB signaling effectively
attenuates I/R injury in a NRF2-dependent manner

Blocking PKB/GSK-3b and PKC-d largely abolished the NRF2
induction activity as well as cardioprotection of DT, we wondered
whether co-activation of PKC-d and PKB signaling could phe-
nocopy the beneficial effects of DT in a NRF2-dependent manner.
Specific PKC activator phorbol 12-myristate 13-acetate (PMA)
was therefore applied to cardiomyocytes in combination with
PKB activator SC79, and we tested whether this combination
could protect cardiomyocytes from H/R injury. Consequently,
PMA plus SC79 dose-dependently rescued cardiomyocytes from
H/R injury (Fig. 7A and B) while Nrf2 knockdown nullified the
protective effects of this combination (Fig. 7C and D), demon-
strating NRF2 dependency. Furthermore, whether this rationale is
applicable in vivo also attracts our interests. To specifically
knockdown Nrf2 in cardiac tissue, AAV9-based shRNA delivery
was applied34, and a c-Tnt promoter was inserted to increase
cardiac specificity (Supporting Information Fig. S6A). Cardiac-
specific Nrf2 knockdown was validated 3 weeks after AAV9 in-
jection by both PCR and Western blot methods (Fig. S6B and
S6C) and mice were subjected to subsequent I/R experiments.
As a consequence, PMA (0.2 mg/kg) plus SC79 (2 mg/kg)
significantly ameliorates MIRI in AAV9-control shRNA-treated
mice, indicated by evident decrease in myocardial infarct size,
preserved cardiac functions and improved oxidative injury.
However, therapeutic efficacy of this combination was compro-
mised in AAV9-Nrf2 shRNA-treated animals, indicating that
NRF2 is required, at least in part, for protection provided by PMA
plus SC79. These results collectively support that the rationale of
PKC and PKB signaling coactivation can effectively protect
cardiomyocytes against ischemia/reperfusion injury in a NRF2-
dependent manner.
4. Discussion

Therapeutic benefits of percutaneous coronary intervention have
long been hindered by myocardial reperfusion injury35. Since ROS
outburst is a pivotal initiator for MIRI, it is essential to improve
post-ischemic prognosis by modulating redox homeostasis36.
Ample evidence indicates that genetical and pharmacological
activations of NRF2 uniformly protect against ischemic heart in-
juries in animal models while loss of NRF2 exacerbates heart
failure following myocardial infarction37,38, collectively
highlighting the importance of NRF2 in attenuating ischemic heart
diseases, and application of effective NRF2-inducer might provide
benefits for the treatment of MIRI. A synthetic NRF2 inducer
bardoxolone has previously entered phase III clinical trial, but was
latterly withdrawn for potential cardiovascular side effects39.
Therefore, applying naturally-derived NRF2 inducers from
clinically-effective herbal medicines might be an alternative
approach. DT is an active constituent in S. miltiorrhiza, which has
been widely applied in ancient and modern clinical settings40,41. A
previous study has reported cardioprotection of DT via inhibition
of arachidonic acid u-hydroxylase, while the validation of direct
links is lacking. In other eukaryotes like skin cells and pneumo-
nocytes, DT also provides potential beneficial effects associated
with NRF2 regulation, and the mechanism is explained by
inhibiting ubiquitination-dependent degradation. However, the
mechanism for inhibiting NRF2 degradation and whether NRF2
directly mediated the therapeutic effects of DT still remains
unrevealed.

In line with previously established links between oxidative
stress and MIRI42, our study shows that I/R initiates severe
oxidative injury. Importantly, although NRF2 activation is adap-
tively upregulated after I/R (about 2-fold, Fig. 1F), I/R still causes
34% ultimate infarct size (Fig. 1B) that triggers subsequent car-
diac dysfunction and hypertrophic response (Fig. 1C). Impor-
tantly, DT induces NRF2 nuclear accumulation to a more potent
level (about 6-fold) in the myocardium and significantly relieves
oxidative injury (indicated by decreased 8-OHDG intensity),
contributing to much improved myocardial infarct size (about
23%) and ventricular functions (Fig. 1BeF). Consistently, our
in vitro study shows that increased intracellular ROS generation
after H/R insult impairs cell viability along with cytomembrane
integrity in cardiomyocytes, and these detrimental effects were
markedly attenuated by pretreatment of DT (Fig. 1GeJ). Since
DT pretreatment shows ameliorated oxidative injury associated
with NRF2 upregulation, we further examined the functional links
in vivo and in vitro. Genetically knockout of Nrf2 downregulates
gene expression of Ho-1, Nqo-1 and Gclc (Fig. 2CeE), slightly
exaggerating oxidative injury and cardiac functions in I/R-
operated mice (Fig. 2FeI), which accord with results from a
previous study43. DT fails to improve the final infarct size and
subsequent cardiac remodeling in Nrf2-KO mice after I/R opera-
tions, demonstrating that the functional integrity of NRF2 is
required for cardioprotection of DT. Accordantly, DT-induced
beneficial effects are also abolished in Nrf2-siRNA-treated car-
diomyocytes (Fig. S1EeS1H), further supporting the pivotal role
of NRF2 in therapeutic efficacy of DT. Above results demonstrate
that DT-induced further upregulated NRF2 signaling is able to
combat I/R injury, and we confirm the functional links between
NRF2 induction and cardioprotection of DT pretreatment for the
first time.

A fundamental finding of this work is comprehensive survey of
distinct mechanisms by which DT might activate NRF2 signaling.
Both expression and intracellular localization of importin-a5 and
importin-b1 show little alteration (Fig. S2AeS2D), indicating
insignificant involvement of importins. In consistent with previous
findings, we also notice that DT prevents NRF2 from degradation,
then another question arises that through which upstream mole-
cule this process is triggered. Results from our preliminary results
indicate that DT does not affect basal expression of KEAP1, so
other possibility should be considered. Ser40 of NRF2 is located
in the N-terminal Neh2 domain that interacts with KEAP1, and a
previous report indicates its phosphorylation can release NRF2



Figure 7 Co-activation of PKC and PKB signaling effectively attenuates I/R injury in a NRF2-dependent manner. (A) and (B) Cell viability

and extracellular LDH leakage in cardiomyocytes treated with combination of PMAþSC79 (n Z 5). (C) and (D) Cell viability and extracellular

LDH leakage in control and Nrf2-knockdown cardiomyocytes treated with PMA (1 mmol/L) plus SC79 (10 mmol/L) (n Z 5). (E) Representative

images and calculated infarct size of the myocardium of control shRNA and Nrf2 shRNA-treated mice treated with vehicle or PMA (0.2 mg/kg)

plus SC79 (2 mg/kg), scale bar Z 2 mm (nZ 5 animals each group). (F) Echocardiogram of LVand the calculated results of EF, FS and LV mass

(n Z 5 animals each group). (G) Representative images of WGA-stained LV sections, scale bar Z 25 mm (n Z 5 animals each group). (H)

Representative images of 8-OHDG/a-actinin/DAPI-stained LV sections, scale bar Z 100 mm (n Z 5 animals each group). Data are expressed as

mean � SD, #P < 0.05 versus control group; *P < 0.05 versus H/R or I/R group.
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from KEAP1 and renders nuclear import. DT induced NRF2
Ser40 phosphorylation accompanied by intracellular accumulation
via degradation inhibition (Fig. 3F, G and J). A putative link has
been assumed to exist between NRF2 Ser40 phosphorylation and
PKC, and PKC inhibitor Go-6983 abolishes NRF2 Ser40
phosphorylation and exacerbates ubiquitination (Fig. 3K and L).
DT-induced transactivation of NRF2 downstream genes and
beneficial effects are concordantly nullified (Fig. S3AeS3E),
collectively demonstrating DT promotes NRF2 nuclear import and
exert cardioprotective effects dependent on PKC.
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Another important finding of this study is we identified PKC-d
from several ubiquitously expressed and functionally important
PKC isoforms in cardiomyocytes as the mediator responsible for
NRF2 nuclear import. Interestingly, although PKC-ε is commonly
implicated in beneficial effects against reperfusion injury44,45, it
seems indirectly involved in NRF2 nuclear import. Only knock-
down of Pkc-d, which is closely related to cellular responses to
oxidative stress46, evidently abolished DT-induced NRF2 Ser40
phosphorylation (Fig. 4A). PKC-d activity is regulated under
diverse mechanisms including membrane translocation as well as
post-translational modifications47,48. Unexpectedly, DT does not
evidently affect expression along with mitochondrial translocation
of PKC-d (Fig. 4A), while the phosphorylation at Thr505 within
its activation loop is dose-dependently induced. PKC-d (Thr505)
phosphorylation is “barely there” in resting cardiomyocytes and
elevates in response to DT stimulation (Fig. 4B). Immunofluo-
rescent analysis of the intracellular localization of NRF2 dem-
onstrates that NRF2 shows more retention in cytoplasm upon
nullification of PKC-d (Fig. 4DeF), and preservation of cell
viability and membrane integrity are concordantly reversed. These
results provide strong evidence that DT-induced beneficial effects
through NRF2 activation are dependent on PKC-d activity
(Fig. 3HeL).

Application of nuclear export inhibitor LMB does not synergize
DT in promoting NRF2 nuclear accumulation (Fig. 5A) and nuclear
import inhibitor SN50 failed to completely block DT-induced NRF2
nuclear accumulation, suggesting that nuclear export process of
NRF2might be inhibited byDT (Fig. 5B). Phosphorylation of nuclear
NRF2 at Tyr568 promotes its export, which is dependent on intra-
nuclear Fyn, a member of SRC tyrosine kinase family49,50. And
GSK-3b is implicated as the kinase of Fyn by phosphorylating and
promoting its nuclear accumulation. We demonstrate that DT in-
activates GSK-3b by phosphorylating at Ser9 and thus hinders Fyn
accumulation (Fig. 5C and D). As a result, less intranuclear Fyn al-
lows NRF2 unimpeded binding to ARE. GSK-3b is a direct substrate
with its activity regulated by active form of PKB, and Ser473 is an
active site of PKB that targets cellular survival procedures51,52. DT
significantly phosphorylates PKB at Ser473 (Fig. 5E), consistent with
a previous conclusion that phosphorylation of PKB at Ser473 is suf-
ficient to inactivate GSK-3b53. Indeed, MK-2206 reverses GSK-3b
Ser9 phosphorylation. Unexpectedly, althoughMK-2206 blocks PKB
(Ser473) phosphorylation to much lower level compared to resting
cells, GSK-3b phosphorylation is not downregulated to comparable
extent, indicating that basal GSK-3b activity might be independent of
PKB (Fig. 5F and G). Additionally, DIF-354, a specific inhibitor for
GSK-3b, does not affect PKB Ser473 phosphorylation but still pro-
motes Fyn nuclear accumulation (Fig. 5FeH), convincing that PKB
Ser473 phosphorylation acts upstream of GSK-3b/Fyn pathway in
inhibiting NRF2 nuclear exclusion.

In addition, we have examined the possible interaction between
PKB and PKC in modulating NRF2 nuclear retention in DT-
stimulated cardiomyocytes. Although both kinases are ubiqui-
tously expressed in cytoplasm and might be crosslinked55,56, while
whether the interplay between them is reciprocal in regulating
NRF2 activity has not been examined. In the presence of DT, Go-
6983 does not affect the phosphorylation cascade of PKB/GSK-3b
axis and only partially reverses NRF2 antioxidative response, and
meanwhile MK-2206 changes little in PKC-d (Thr505, Fig. 6A
and B), suggesting absence of direct “kinaseesubstrate” rela-
tionship between PKC-d and PKB. More importantly, activated
PKB does not co-localize NRF2 and MK-2206 failed to
significantly reverse NRF2 (Ser40) phosphorylation (Fig. 6C and
D), further decreasing the possibility that PKB directly phos-
phorylates NRF2 Ser40. Combination of Go-6983 and MK-2206
additively blunts increase of nuclear NRF2 content and ARE
gene expression (Fig. 6E and Fig. S5AeS5C), and as a conse-
quence, largely abolishes beneficial effects of DT (Fig.
S5DeS5F), strongly implicating the unique contributions of
both PKC-d and PKB/GSK-3b/Fyn signaling to nuclear NRF2
accumulation. Additionally, LMB rescues reversion of nuclear
NRF2 accumulation in MK-2206þDT treated cardiomyocytes but
elicits no response in Go-6983þDT-treated cells, again implying
unique roles of PKC-d and PKB/GSK-3b/Fyn axis in mediating
NRF2 nuclear import/export regulation (Fig. 6F). Compared with
previous findings that PKB signaling might augment the biolog-
ical activities of NRF257,58, our results also implicate that NRF2
activity is enhanced in the presence of activated PKB signaling.
Together with identifying the functions of PKC-d, our results
highlight the ability of DT to exploit both nuclear import and
export procedure of NRF2 in the treatment of reperfusion injury
harboring redox homeostasis alterations. Finally, combinatorial
application of PKC activator PMA and PKB activator SC79
exerted solid cardioprotection both in vitro and in vivo, while Nrf2
knockdown attenuated the beneficial effects of this combination.
These results provide additional implications that modulating
NRF2 signaling by coactivation of PKC and PKB signaling might
be a feasible therapeutic strategy to protect heart from ischemia/
reperfusion injury.

5. Conclusions

The present study provides strong evidences in vivo and in vitro
that therapeutic benefits of DT against MIRI largely depend on
activation of NRF2 signaling. Importantly, activation of PKC-d
is demonstrated as a key mechanism through which DT pro-
motes NRF2 nuclear import. We also unveil the role of PKB/
GSK-3b/Fyn signaling in augmenting NRF2 activity by delaying
its nuclear export. The independent regulation of PKC-d and
PKB/GSK-3b/Fyn signaling by DT provides a convergent
mechanism for NRF2 nuclear accumulation, which dominates
the protective effects of DT against MIRI via maintaining redox
homeostasis. By determining the NRF2-dependent car-
dioprotective effects of PMA plus SC79, this study also in-
troduces a promising therapeutic strategy for I/R injury by
coactivation of PKC and PKB and demonstrate this strategy to
enhance NRF2 activity in cardiomyocytes.
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