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Abstract

Cardiomyocyte loss and cardiac fibrosis are the main characteristics of cardiac ischemia and heart failure, and mitochondrial
function of cardiomyocytes is impaired in cardiac ischemia and heart failure, so the aim of this study is to identify fate vari-
ability of cardiomyocytes and cardiac fibroblasts with mitochondria inhibition and explore the underlying mechanism. The
mitochondrial respiratory function was measured by using Oxygraph-2k high-resolution respirometry. The STAT3 expression
and activity were evaluated by western blot. Cardiomyocytes and cardiac fibroblasts displayed different morphology. The
mitochondrial respiratory function and the expressions of mitochondrial complex I, II, III, IV, and V of cardiac fibroblasts
were lower than that of cardiomyocytes. Mitochondrial respiratory complex I inhibitor rotenone and H,O, (100 uM, 4 h)
treatment induced cell death of cardiomyocyte but not cardiac fibroblasts. The function of complex I/II was impaired in
cardiomycytes but not cardiac fibroblasts stimulated with H,O, (100 uM, 4 h) and in ischemic heart of mice. Rotenone and
H,0, (100 uM, 4 h) treatment reduced STAT3 expression and activity in cardiomyocytes but not cardiac fibroblasts. Inhibi-
tion of STAT3 impaired mitochondrial respiratory capacity and exacerbated H,O,-induced cell injury in cardiomycytes but
not significantly in cardiac fibroblasts. In conclusion, the different susceptibility of cardiomyocytes and cardiac fibroblasts to
mitochondria inhibition determines the cell fate under the same pathological stimuli and in which STAT3 plays a critical role.

Keywords Cardiomyocytes - Cardiac fibroblasts - STAT3 - Mitochondria - H,0,

Introduction

Cardiomyocyte loss and the subsequent cardiac fibrosis are
the general characteristics of severe heart diseases such as
cardiac ischemia and heart failure [29, 34]. Cardiomyocytes
and cardiac fibroblasts are the dominant cell types in the
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the mitochondrial complex I activity was impaired during
cardiac ischemia and heart failure [38, 42]. The impaired
mitochondria triggered cardiomyocyte apoptosis and necro-
sis through the intrinsic mitochondrial pathway or opening
of the mitochondrial permeability transition pore [12, 28].
However, cardiac fibroblasts also possess mitochondria;
under such circumstances, the change of mitochondrial func-
tion of cardiac fibroblasts and the potential role of mitochon-
dria of cardiac fibroblasts in these heart diseases are still
unclear. As for the question put forward above, we speculate
that the response of cardiomyocytes and cardiac fibroblasts
to mitochondrial impairment is different and the difference
determines the contrary phenotypes of cardiomyocytes and
cardiac fibroblasts under the same pathological stimuli. If
so, the potential molecular mechanisms need to be further
elucidated.

Signal transducer and activator of transcription 3
(STAT3) plays a protective role against cardiomyocyte
injury [1, 11, 14, 16, 30]. Nevertheless, STAT3 promotes
cardiac fibroblast proliferation, fibrosis-related gene expres-
sion, and conversion to myofibroblast to induce fibrosis [17,
36]. STAT?3 is associated with mitochondrial function. On
the one hand, STAT3 activation enhances mitochondrial
function of cardiomyocytes [3]; on the other hand, our pre-
vious study finds that inhibition of mitochondrial function
significantly represses STAT3 activity in cardiomyocytes
[10]. Collectively, we speculate that STAT3 might be the key
factor determining the different response of cardiomyocytes
and cardiac fibroblasts to the same pathological stimuli.

Based on the above analysis, we design the project to
investigate the different response of cardiomyocytes and
cardiac fibroblasts to mitochondria inhibition and explore
the underlying molecular mechanisms.

Methods
Reagents

Digitonin, glutamate, malate, ADP, succinate, oligomycin,
FCCP, rotenone and antimycin A were provided by Sigma-
Aldrich (USA). Hydrogen peroxide (H,0,) was purchased
from Melone Pharmaceutical Co., Ltd (Dalian, China).
Mitotracker and DAPI were purchased from Life technol-
ogy (Invitrogen, Oregon, USA). STAT3 inhibitor S3I-
201 was purchased from EMD Millipore (Billerica, MA
USA). Antibody against p-STAT3(Y705), p-STAT3(S727),
STAT3, p-JAK2, JAK2, p-Akt(S473), p-Akt(T308), Akt,
p-GSK-3p(Ser9), GSK-3f8, VDAC and COXIV antibodies
were bought from Cell Signaling Technology (Danvers,
MA, USA). Total OXPHOS rodent WB antibody cock-
tail was purchased from Abcam (Cambridge, MA, USA).
Anti-SDHA and anti-SDHB antibodies were purchased
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from Biosynthesis Biotechnology (Beijing, China), and
anti-SDHC antibody was from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti-actin antibody and anti-GAPDH
antibody were provided by ZSGB-BIO (Beijing, China).

Isolating and culturing neonatal rat primary
cardiomyocytes and cardiac fibroblasts

The primary cardiomyocytes and cardiac fibroblasts from
neonatal Sprague—Dawley rats for 1-2 days were cultured
by a conventional method used in our and other studies [10,
23, 32, 37]. Briefly, the hearts were removed from the ani-
mals and cut into 1-mm? pieces. After that, the chunks were
digested by 0.25% trypsin. Then, cells were suspended in
Dulbecco’s modified Eagle’s medium/medium (DMEM)
with 10% fetal bovine serum, 100 U/ml penicillin and
100 pg/ml streptomycin. The resuspension was plated onto
a culture flask for 90 min in humidified incubator (95%
air-5% CO,) to obtain cardiac fibroblasts for their selective
adhesion. Then, the suspended cardiomyocytes were trans-
ferred and seeded into another plates. 5-Bromo-2-deoxyur-
idine (5-BrdU, 10 nM; #B5002; Sigma, Saint Louis, USA)
was added to the cardiomyocytes to prevent proliferation
of non-cardiomyocytes. Cardiac fibroblasts (passages 2-3)
were grown to subconfluence in serum-containing media.
Forty-eight hours later, cardiomyocytes and cardiac fibro-
blasts were employed for subsequent experimental proce-
dures, respectively. The purity of cultured cardiomyocytes
and cardiac fibroblasts satisfied the experiment requirements
as identified by the cardiomyocyte and cardiac fibroblast-
specific marker staining (Supplementary Fig. 1).

Mouse myocardial ischemia (MI) model

Kunming mice (22-25 g weight, male) were used for ani-
mal studies and kept at standard laboratory conditions of
temperature and humidity with a 12-h light/dark cycle. All
experiments were performed according to the National Insti-
tutes of Health guide for the care and use of Laboratory
animals, and were treated ethically. The study was approved
by the Ethic Committees of Harbin Medical University (No.
HMUIRB20180012). The detailed procedures for establish-
ing a mouse model of myocardial ischemia were described
as in previously studies [5, 19, 26]. Briefly, mice were anes-
thetized with avertin (0.2 g/kg, ip; T48402; Sigma-Aldrich
Corporation, St. Louis, MO, USA). After opening the chest
to expose the heart, left anterior descending artery (LAD)
was ligated with a 7/0 nylon suture at 2 mm below the bor-
der between left atrium and ventricle to establish MI. The
mice in sham group were treated consistently with the same
experimental procedures in the MI group but without liga-
tion of LAD. And electrocardiogram (ECG) was recorded
to validate ischemic status characterized by ST segment
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significant elevation. After ischemia for 30 min, ischemic
zone was collected, and samples at the same position in
sham group were collected for mitochondrial respiration
detection.

Lactate dehydrogenase (LDH) release assay

The LDH release from cardiomyocytes and cardiac fibro-
blasts was determined using commercial kit (Beyotime Bio-
technology, China). The OD value of LDH was recorded at
the wavelength of 490 nm.

Cell viability measurement

Cell viability was assessed using the MTT assay as described
in our previous studies [43, 44]. Briefly, cells were seeded in
96-well flat-bottomed plates at 5 x 10 cells per well, treated
with or without H,0, and/or STAT?3 inhibitor (S31-201)/si-
STAT3 and incubated with MTT (5 mg/mL) for 4 h at 37 °C,
and 200 pl dimethyl sulfoxide (DMSO) was added to dis-
solve the insoluble purple formazan product. The absorbance
was then measured at 490 nm using a plate reader (Tecan
Infinite m200, Mannedorf, Switzerland).

Live and dead cell staining

The live and dead cells were detected using the LIVE/
DEAD® Viability/Cytotoxicity Assay Kit (Invitrogen,
Waltham, MA, USA) as described in our previous stud-
ies [43, 44]. Briefly, cardiomyocytes and cardiac fibro-
blasts were, respectively, seeded into the six-well plate at
5% 10* cells per well and incubated with a mixture of 2 uM
calcein AM and 4 uM EthD-1 for 15 min at 37 °C. The
labeled cells were randomly visualized on a fluorescence
microscope (Olympus IX73 with DP73 camera, Japan) at
20x magnification and counted using ImagePro Plus image
analysis software (Media Cybernetics Inc, Silver Spring).

Mitochondrial respiratory function detection

Mitochondrial respiratory function was examined in heart
tissues, cardiomyocytes and cardiac fibroblasts. First,
approximately 4 mg heart tissue was cut and ground in PBS
buffer, and then centrifuged at 3500 rpm for 5 min. After
that, the tissue precipitation with the mitochondrial respira-
tion solution (MiR05) was resuspended for the following
mitochondrial respiratory function detection. The MiROS5
consisted of EGTA 0.5 mM, MgCl,-6 H,0 3 mM, Lactobi-
onic acid 60 mM, Taurine 20 mM, KH,PO, 10 mM, HEPES

20 mM, D-sucrose 110 mM, BSA, and essentially fatty acid
free 1 g/l.

Second, after pretreatment, cardiomyocytes and car-
diac fibroblasts were harvested via trypsin digestion and
centrifuged at 800 rpm for 5 min at room temperature.
Then, the pellet was resuspended in cell culture medium
or MiRO5 for high-resolution respirometry. Mitochon-
drial respiratory function was measured in a two-chamber
titration injection respirometer (Oxygraph-2k; Oroboros
Instruments, Innsbruck, Austria). The final density of cell
suspension in the detected chamber was approximately
1 x 10° cells/ml. After stabilization for 5 min, close the
chamber and make calibration for O, concentration in the
chamber. Data were recorded through DatLab software 5.2
(Oroboros Instruments, Innsbruck, Austria).

To detect mitochondrial respiratory function of car-
diomyocytes and fibroblasts, two classical protocols were
adopted, respectively, in intact cells with phosphorylation
control protocol and specifically in permeabilized cells
with substrate—uncoupler—inhibitor titration protocol [7,
45]. In detail, the intact cell measure protocols were as
following: routine respiration (Routine) was followed by
manual titration of oligomycin (Omy, 2 pg/ml) to induce
the non-phosphorylating leak state and uncoupler (1 mM
FCCP) in steps of 2 pl corresponding to a step increase in
the final concentration of 1 pM FCCP at intervals of 120 s
till maximum noncoupled flux (capacity of the electron
transfer system, ETS) was induced. Maximal mitochon-
drial respiration (MMR) in mitochondria of cardiomyo-
cytes and cardiac fibroblasts was calculated by subtract
the oxygen consumption rate (OCR) elicited by oligomy-
cin from maximum oxygen consumption rate induced by
FCCP. Reserve respiratory capacity (RRC) was equal to
the difference between maximum oxygen consumption rate
and routine oxygen consumption rate.

In permeabilized cells, we used the protocol with sub-
strate—uncoupler—inhibitor titrations. After respiration
was stabilized for a short time, routine respiration was
measured. Then, digitonin (Dig, 150 ug/10° cells) was
applied for plasma membrane permeabilized. Glutamate
(G, 5 mM) and malate (M, 2 mM) in the absence of ADP
titration were used for inducing the respiratory leak state
of complex I (CI;.,). Then, 5 mM ADP added was to
detect the oxidative phosphorylation (OXPHOS) capac-
ity of complex I (CIP). Maximal OXPHOS capacity was
induced by succinate (100 mM), including both CI and
complex II OXPHOS capacity (CII, CI+1IIP). Next, oli-
gomycin and FCCP titrations were used for the maximal
uncoupled respiratory capacity of the electron transfer sys-
tem (ETS) (CI+IIETS). ClI-related uncoupled respiratory
function (CIIETS) was detected after the addition of rote-
none (Rot, 0.5 uM). Finally, antimycin A (Ama, 2.5 uM)
was given for residual oxygen consumption evaluation.
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Western blot

Total protein was extracted and separated from both car-
diomyocytes and cardiac fibroblasts for immunoblotting
analysis with the procedures described in our previous work
[24]. Membranes were incubated with primary antibodies
against p-STAT3 Y705 (1:500), p-STAT3 S727 (1:500),
STAT3 (1:500), p-Akt S473 (1:500), p-Akt T308 (1:500),
Akt (1:500), p-JAK2 (1:500), JAK?2 (1:500), p-GSK-3p Ser9
(1:500), GSK-3p (1:500), VDAC (1:500), COXIV (1:500),
SDHA (1:250), SDHB (1:250), and SDHC (1:250), Total
OXPHOS rodent WB antibody cocktail (1:250), B-Actin
(1:1000) or GAPDH (1:1000) overnight at 4 °C, and then
incubated with a fluorescence-labelled secondary antibody
(LI-COR Biosciences, Lincoln, NE, USA). The images were
scanned by the Odyssey CLx Infrared Imaging System (LI-
COR Biosciences). The bands were quantified with Odyssey
CLx Image Studio 5.0 software and normalized to actin as
an internal control.

Mitochondrial staining

The mitochondrial morphology was observed using mito-
chondrial staining with MitoTracker® probes (Cell signaling
technology, USA) as described in our previous work [24].
Briefly, cultured cardiomyocytes and cardiac fibroblasts
were loaded with Mito-Tracker Green (50 nM) for 25 min
and Hoechst (1 pg/ml) for 15 min at 37 °C. Then, cells were
washed by cultured medium without FBS for three times and
imaged using Olympus Fluoview FV10i Olympus Confocal
microscope (Tokyo, Japan).

5'-Bromodeoxyuridine (BrdUrd) incorporation

Cell proliferation was evaluated by Brdu incorporation
according to the methods provided by BrdU Cell Prolifera-
tion ELISA kit (Abcam, Cambridge, UK). Dynamic infor-
mation about cell cycle progression can be obtained by
labeling cells with 5’-bromodeoxyuridine (BrdUrd) which
is incorporated into DNA in place of thymidine. The value
of BrdU incorporation was read by microplate reader at the
wavelength of 550 nm.

SiRNA transfection

Either siRNA (Genechem) targeting rat STAT3 or scram-
bled siRNA as negative control was transfected into cardio-
myocytes and fibroblasts according to the manufacturer’s
instructions (GenePharma, suzhou, China). Briefly, 10 nM
siRNA in serum-free and antibiotics-free DMEM containing
5 pl of Lipofectamine 2000 (Invitrogen) were premixed and
transfected into cells. The medium was changed 8 h later
with culture medium supplemented with FBS (Gibco). After

@ Springer

stable transfection for 48 h, cells were treated with other
drugs for the subsequent testing. RNA oligo sequences were
listed as follows: (5'-3"): negative control, sense-UUCUCC
GAACGUGUCACGUTT, antisense-ACGUGACACGUU
CGGAGAATT; STAT3, sense-GGUCUCG GAAAUU UAA
CAUTT, antisense-AUGUUAAAUUUCCGAGACCTT.

Statistical analysis

All data were presented as mean + SEM. Statistical analy-
sis of the results was performed with GraphPad Prism ver-
sion 7.0 (GraphPad Software Inc., San Diego, CA, USA).
Statistical significance of two groups was determined with
Student’s ¢ test. For two more groups, one-way ANOVA or
two-way ANOVA followed by Dunnett test or Tukey’s test
was used. For the data with control value of 1 and no SEM,
the randomized block ANOVA (repeated measures ANOVA)
was used as described in previous Ref. [22]. P <0.05 was
considered statistically significant.

Results

The different mitochondrial morphology
and function of cardiomyocytes and cardiac
fibroblasts

Cardiomyocytes have a great demand of energy to perform
contractile function and electrical activity. In contrast, car-
diac fibroblasts are mainly responsible for synthesis and
degradation of extracellular matrix and have low energy
consumption. Due to the different energy demand, we sup-
pose that the mitochondrial morphology and function would
be distinct between the two types of cells. Thus, we cul-
tured the rat primary neonatal cardiomyocytes and cardiac
fibroblasts to observe their mitochondrial morphology first.
The cardiomyocytes and cardiac fibroblasts could be easily
differentiated under light microscope; cardiomyocytes had
obvious refractivity and spontaneous beating while cardiac
fibroblasts were in flat shape and no beating (Fig. 1a). We
further stained the mitochondria of both types of cells with
mito-Tracker. As shown in Fig. 1b, the mitochondria were
abundant and most of the mitochondria were in rod shape in
cardiomyocytes; whereas in cardiac fibroblasts, the amount
of mitochondria was significantly less than that in cardio-
myocytes and the mitochondria were in filamentous shape.
Next, we compared the mitochondrial respiratory function of
cardiomyocytes and cardiac fibroblasts using Oxygraph-2k
high-resolution respirometry. The oxygen consumption was
measured in intact cells with phosphorylation control pro-
tocol. Both the routine oxygen consumption and maximum
oxygen consumption were lower in fibroblasts than those
in cardiomyocytes (Fig. 1c, d). In addition, the function of



Basic Research in Cardiology (2019) 114:12 Page50f16 12
C - Cardiomyocytes ~ e Cardiomyocytes
- e EEEEE
» R
- Lir
s ]
d f =
- e 5
5E 5 3300, B Cardiomyocytes
] r ; Bl Cardiac
E E ;200 fibroblasts &
S oo .
S 2 %100 =
] "= > -
°© o i
44 4 ON 0
0 5 10 15 20 25 30 35 40 45(min) \\\\o \cg PN \Q éé <&
° o o (‘\\\ S
s CN v 5 cv i
cv E 5 550 2515 %% 1.5 251.5 2% 15 CMCM CM CF CF CF CF
Cw 48k = E 10 220 ) 220 voac [FR B B8 5§ T TR ok
cv £ £ £ - — —
cll gg:g = g 0.5 ** Z % 0.5 . % 0.5 " = % 0.5 ** COXIV 4l
i ~~i-—- 0kD & =40 €=, £ &2, Actin -—--p--; 43kD
Gapdh — —— —| 35kD CM CF CM CF CM CF CM CF
- = = __15 _ 15
1.5 o o £ S E
h CM_CF CM _CF CM CF CM CF 8 515 =515 3E 3E
SDHA = 75kD 22 28 22 -<10 2210
T 1.0 5310 <5 1.0 £0 £3
conc N o || |7 81| |- 81| v BY|| |m B8] | .
lh; 0.0 U’; 0. '.] ? g 0.0 [ll 0.0 CM CF
Gapdh [N S el sokd = m or * am e 2 am o o oc

Fig. 1 The mitochondrial morphology and respiration function of car-
diomyocytes and cardiac fibroblasts. a The light microscopy images
of primary cultured cardiomyocytes and cardiac fibroblasts. b The
mitochondrial morphology of cardiomyocytes and cardiac fibroblasts
stained with nucleus dye DAPI and mitochondria specific dye mito-
Tracker staining. ¢ The mitochondrial respiratory function of cardio-
myocytes and cardiac fibroblasts measured using Oxygraph-2k high-
resolution respirometry. The oxygen concentration and oxygen flux
of cardiomyocytes and cardiac fibroblasts in intact cells with phos-
phorylation control protocol in real time were determined. Oligomy-
cin (Omy, 1 pM), FCCP (1, 2, 3, 4 pM), and rotenone (Rot, 1 pM)
combined with antimycin A (Ama 1 pM) were added sequentially to
cardiomyocytes or cardiac fibroblasts. Blue line stands for decreas-
ing oxygen concentration in the oxygraphy chamber containing living
cells. Red line stands for the changes of oxygen flux per volume. d
The comparison of relative level of oxygen flux between cardiomyo-
cytes and cardiac fibroblasts. *P <0.05, **P <0.01 vs cardiomyocyte,
n=6 in each group. e Representative profiles of oxygen consump-
tion of cardiomyocytes and cardiac fibroblasts in permeabilized cells
with substrate—uncoupler—inhibitor titration protocol. Digitonin (Dig,

mitochondrial complex I/Il was analyzed in permeabilized
cells with coupling control protocol. Both the OXPHOS
capacity and noncoupled state of electron transfer system
capacity of complex I/II were lower in fibroblasts than those
in cardiomyocytes (Fig. le, f). We compared the protein
expression of mitochondrial complex I, II, III, IV, and V
in cardiomyocytes and cardiac fibroblasts. Results showed
that cardiac fibroblasts had a lower amount of respiratory
chain components complex I, III, IV, and V than cardio-
myocytes, but the complex II amount seemed to be com-
parable in fibroblasts and cardiomyocytes (Fig. 1g). In this
experiment, the antibody mixture might had a low staining

150 pg/ 10° cells), glutamate (G, 5 mM) and malate (M, 2 mM), ADP
(5 mM), succinate (100 mM), Omy, FCCP, Rot and Ama were added
sequentially to cardiomyocytes or cardiac fibroblasts. f The response
of oxygen consumption of cardiomyocyte and cardiac fibroblast mito-
chondria to CI and II substrates. *P <0.05, **P <0.01 vs cardiomyo-
cyte, n=6 in each group. g The protein expressions of mitochondrial
respiratory complexes in cardiomyocytes and cardiac fibroblasts,
including complex I, III, IV, and V. Left panel stands for the repre-
sentative western blots and the right panels were the statistical data.
**P <0.01 vs cardiomyocyte (CM). CF cardiac fibroblasts, n=6 for
each group. h The expressions of succinate dehydrogenase subu-
nits SDHA (n=7), SDHB (n=7), SDHC (n=4) in cardiomyocytes
and cardiac fibroblasts. CM cardiomyocytes, CF cardiac fibroblats.
*#P <0.01 vs CM. i The protein expressions of mitochondrial marker
protein VDAC (n=8) and COX IV (n=38) in cardiomyocytes and car-
diac fibroblasts. Left panel stands for the representative western blots
and the right panels were the statistical data. **P <0.01 vs cardiomy-
ocyte (CM). CF cardiac fibroblasts, VDAC voltage-dependent anion
channel. The protein level of VDAC and COX IV was normalized to
that of actin

of the complex II components; to ensure the reliability of
the results, we further measured the protein expressions of
succinate dehydrogenase (SDH) subunits in cardiomyocytes
and cardiac fibroblasts. As shown in Fig. 1h, the expressions
of succinate dehydrogenase subunits SDHA, SDHB, SDHC
in cardiac fibroblasts were significantly lower than that in
cardiomyocytes.

We further examined the expressions of mitochondrial
marker proteins VDAC (the voltage-dependent anion chan-
nel) and COX IV (cyclooxygenase-4) in cardiomyocytes and
cardiac fibroblasts. Results showed that the level of actin in
cardiomyocytes and cardiac fibroblasts was equivalent when
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the same amount of cellular protein was used, but the levels
of VDAC and COX IV normalized to actin in cardiac fibro-
blasts were significantly lower than that in cardiomyocytes
(Fig. 11). Together with the data of mitochondrial respiration
function comparison (Fig. 1c—f), these results indicated that
the amount of mitochondria of cardiac fibroblasts was less
than that of cardiomyocytes. On the other hand, it seemed
that the extent of difference in respiration between cardio-
myocytes and fibroblasts was less than that in protein expres-
sions of mitochondrial contents. This might be related to
technical issues, as western blot signals in fibroblasts were
below detection threshold.

Effect of mitochondrial complex | inhibitor rotenone
on cell survival of cardiomyocytes and cardiac
fibroblasts

Since cardiomyocytes and cardiac fibroblasts have differ-
ent mitochondrial morphology and function, we wonder the
effect of mitochondrial complex inhibition on cell viability
of the both types of cells. We treated cardiomyocytes and
cardiac fibroblasts with complex I inhibitor rotenone at the
same range of concentrations. As shown in Fig. 2a, rotenone
treatment significantly increased the release of lactate dehy-
drogenase (LDH) from cardiomycytes; relatively, rotenone
had no significant influence on LDH release from fibroblasts
in the same dose range. To avoid the deviation induced by

Fig.2 The cell survival of
cardiomyocytes and cardiac
fibroblasts treated with mito-
chondrial complex I inhibitor
rotenone. a LDH release of
cardiomyocytes and cardiac
fibroblasts treated with rotenone
(0.1-20 pM), n=6, **P <0.01 0

1Y

[ Cardiomyocytes
I Cardiac fibroblasts

LDH release
(Normlized)

S =2 N W A O

0.1 0.2 0.5 1

the different LDH content in cardiomyocytes and cardiac
fibroblasts, we further used live/dead cell viability assays.
The live/dead staining results further confirmed that rote-
none induced more significant cell death in cardiomyocytes
than in cardiac fibroblasts in the same dose range by using
the two-way ANOVA analysis (Fig. 2b).

The cell proliferation of cardiac fibroblasts was detected
after 12-h culture, and we further examined the effect of
rotenone on the proliferative ability of cardiac fibroblasts
using BrDU incorporation assay; rotenone ranged from
0.2 to 5 pM had no significant effect on cardiac fibroblast
proliferation after 12-h culture (Supplementary Fig. 2a and
2b), indicating that inhibition of mitochondrial complex I
activity showed no significant effect on cardiac fibroblast
proliferation.

H,0, stimulus inhibits mitochondrial respiratory
function and induces cell injury in cardiomyocytes
but not in cardiac fibroblasts

H,0, is an inducer of cell apoptosis and necrosis, and
H,0,-induced cardiomyocyte injury generally mimics myo-
cardial ischemia [25, 40]. H,0,-induced cell injury model
was used. We treated the cultured cardiomyocytes and car-
diac fibroblasts with H,O, (100 uM) for 4 h and measured
the mitochondrial function. We found that cardiomyocytes
displayed a general reduction in respiration under H,O,

2 5

vs cardiomyocyte treated with
0 pM rotenone. Two-way
ANOVA followed by Tukey’s
test was used. b The images
and statistical results of live/
dead staining of cardiomyo-
cytes and cardiac fibroblasts
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ANOVA followed by Tukey’s
test was used, n=7, *P<0.05,
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stimulation (Fig. 3a, b). Specifically, all the cellular mito-
chondrial functional parameters, including routine respira-
tion, maximum mitochondrial respiration (MMR) and resid-
ual respiration consumption (RRC), were markedly impaired
in cardiomyocytes stimulated by H,0, (100 uM) (Fig. 3c),
which was consistent with previous reports [31]. However,
the mitochondrial respiratory function of cardiac fibroblasts
was unchanged under H,O, (100 uM) stimulation, including
routine respiration, MMR and RRC (Fig. 3d—f). We further
examined the cell viability and LDH release of cardiomyo-
cytes and cardiac fibroblasts stimulated with H,0, ranged
from O to 200 uM for 4 h. Results showed that, under the pre-
sent experimental conditions, H,O, induced significant cell
death in cardiomyocytes but not cardiac fibroblasts (Fig. 3g,
h); furthermore, H,O, treatment did not affect the prolifera-
tion of cardiac fibroblasts, even increased the proliferation
of cardiac fibroblasts at certain concentrations (5 uM and
10 uM) (Fig. 3i).

H,0,-induced cell injury depends on H,O, concentrations
and cell types. Our present experiment conditions differ-
entiated the effect of H,0, on cardiomyocytes and cardiac
fibroblasts. However, when the time of H,O, (100 uM) treat-
ment was extended to 12 h or the concentration of H,O, was

Cardiomyocytes

Q

Cardiac fibroblasts

increased to 500 uM (4 h), the cell death of cardiac fibro-
blasts was still induced (Supplementary Fig. 3).

Impairment of complex I/ll-related mitochondrial
respiratory function in H,0,-stimulated
cardiomyocytes and ischemic mice hearts

Since H,0, stimulus inhibits mitochondrial respiratory func-
tion and induces cell injury in cardiomyocytes but not in
cardiac fibroblasts, we further examined the mitochondrial
respiration related to complex I and II in cardiomyocytes
and cardiac fibroblasts. Mitochondrial respiration function
represented with routine, CI leak, CI and CI plus CII oxida-
tive phosphorylation (CIP and CI+1IP), as well as CI plus
CII electron transfer system (CI+IIETS) and CIIETS was
obviously decreased after exposure to H,0O, in cardiomyo-
cytes (Fig. 4a, b), but no significant change was observed in
cardiac fibroblasts (Fig. 4c, d). Then, we established cardiac
ischemia model in mice by ligation of anterior descending
coronary artery as described in other works [18-20]. After
ischemia for 30 min, the ischemic zone was collected and the
mitochondrial respiration function of myocardial tissues was
measured. Compared with sham group, ischemic myocardial
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H,0, (100 pM, 4 h) treatment reduced routine respiration, maximum
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resentative profiles and statistical data of mitochondrial respiration
of intact cardiac fibroblasts treated with H,0, (100 pM, 4 h), n=6.
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(1-200 pM, 4 h) treatment on LDH release of cardiomyocytes and
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Fig.4 Mitochondrial respiratory function of cardiomyocytes and
cardiac fibroblasts treated with H,O, and mice heart after 30 min
ischemia. a, b H,0, (100 pM) treatment for 4 h inhibited mitochon-
drial complex of cardiomyocytes in permeabilized model. *P <0.05,
*#P <0.01 vs control, n=6. ¢, d H,0, treatment for 4 h showed no
effect on mitochondrial complex of cardiac fibroblasts in permeabi-
lized model. e The representative profile of O, concentration change

tissues showed an overall reduction in mitochondrial func-
tion (Fig. 4e); furthermore, CI+IIP and CI+IIETS parame-
ters were markedly reduced (Fig. 4f). These results indicated
that the function of mitochondrial respiratory complex I/II
in cardiomyocytes was mainly impaired in ischemic hearts.

Mitochondrial complex | inhibitor rotenone
and H,0, inhibit STAT3 activity and expression
in cardiomyocytes but not cardiac fibroblasts

The above data indicated that mitochondria inhibition
induced cell injury of cardiomyocytes but not cardiac fibro-
blasts; we asked what was the molecular mechanism linking
mitochondria inhibition with cell injury in cardiomyocytes.
STAT3 is an important survival factor for cardiomyocytes
and our previous study had found that STAT3 activity was
sensitive to the change of mitochondrial function in cardio-
myocytes [10], therefore, we examined the effect of mito-
chondrial complex I inhibitor rotenone on STAT3 expres-
sion and activity in cardiomyocytes and cardiac fibroblasts.
As shown in Fig. 5a—-d, rotenone treatment significantly
repressed p-STAT3 (Y705), p-STAT3 (S727) and total
STAT?3 protein levels in cardiomyocytes but not cardiac
fibroblasts. Akt is an established survival signal through
phosphorylation of proapoptotic proteins in the heart. We
further comparatively studied the effect of rotenone on Akt
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expression and activity in cardiomyocytes. Results showed
that, at the concentrations inhibiting STAT3, rotenone treat-
ment did not affect Akt and its downstream signal GSK3f
expression and activities (Fig. Se-h).

We further examined the effect of H,O, (100 uM, 4 h)
treatment on STAT3 activity and expression in cardiomy-
ocytes and cardiac fibroblasts. Results showed that H,0,
(100 uM) treatment for 4 h reduced p-STAT3 (Y705),
p-STAT3 (S727) and total STAT3 protein levels in car-
diomyocytes but not cardiac fibroblasts (Fig. 6a—d), which
was similar to the effect of rotenone (Fig. 5a—d). The
H,0,-induced decrease of STAT3 phosphorylation might
be due to the inhibition of STAT3 upstream signal JAK2
because that H,O, treatment inhibited the JAK?2 activity in
cardiomyocytes (Fig. 6e, f).

STAT3-mediated cardioprotection is considered through
two pathways, the canonical transcriptional action and the
non-transcriptional regulation of electron transport chain.
Although we did not focus on the STAT3 protein levels
required to mediate gene expression, we further examined
the effect of rotenone which inhibited STAT3 on STAT3-
targeted gene bcl-2 expression in cardiomyocytes and car-
diac fibroblasts; meanwhile, bax was also measured. Results
showed that rotenone at 1 pM slightly reduced Bcl-2 protein
level in cardiomyocytes but not in cardiac fibroblasts. Rote-
none at 0.5 pM had reduced STAT?3 activity, but showed no
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effect on Bcl-2 expression in cardiomyocytes, indicating that
the reduced STAT3 by mitochondrial inhibition in cardio-
myocytes was not sufficient to influence target gene expres-
sion (Supplementary Fig. 4). Rotenone treatment showed no
significant effect on bax protein level in cardiomyocytes and
cardiac fibroblasts (Supplementary Fig. 4).

Inhibition of STAT3 impairs complex I/ll-related
mitochondrial respiratory function and reduces cell
viability in cardiomyocytes

Inhibition of mitochondrial function reduced STAT3 expres-
sion and activity in cardiomyocytes; conversely, we exam-
ined the effect of STAT3 inhibition on mitochondrial res-
piratory function and cell viability in cardiomyocytes and
cardiac fibroblasts. STAT3 small interfering RNA (siSTAT3)
was applied to knockdown STAT3 in cardiomyocytes and
cardiac fibroblasts (Fig. 7a, b). SISTAT3 treatment markedly
repressed complexes I/II function, reduced cell viability and
induced cell death in cardiomyocytes (Fig. 7c, e, g), whereas
siSTAT3 treatment did not affect mitochondrial respiratory
and cell survival of cardiac fibroblasts (Fig. 7d, f, g). These
results indicated that STAT3 plays more an important role

in mitochondrial respiratory function and cell protection in
cardiomyocytes than in cardiac fibroblasts.

Inhibition of STAT3 exacerbates H,0,-induced
cell injury in cardiomyocytes but not obviously
in cardiac fibroblasts

We further investigated the impact of STAT3 inhibition on
H,0,-induced cell injury in both cardiomyocytes and cardiac
fibroblasts. We also measured the mitochondrial complex
function in cardiomyocytes and cardiac fibroblasts after
H,0, treatment (100 uM, 4 h) under STAT3 knockdown
conditions. STAT3 knockdown using STAT3 siRNA exacer-
bated H,0,-induced impairment of mitochondrial function,
H,0,-induced decrease of cell viability and cell survival in
cardiomycytes (Fig. 8a, c, e). However, STAT3 knockdown
showed no significant effect on mitochondrial function, cell
viability and cell survival of cardiac fibroblasts which were
under H,0O, treatment (Fig. 8b, d, e).

In addition to using siSTAT3, we further used STAT3
inhibitor S31-201 to study the role of STAT3 in mitochon-
drial function and cell viability of cardiomyocytes and
cardiac fibroblasts. S31-201 treatment reduced the protein
level of p-STAT3 (Y705) in both types of cells (Fig. 9a, b),
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Fig.7 The effect of STAT3 knockdown using STAT3 siRNA
(siSTAT3) on STAT3 protein expression, complex I/II-related mito-
chondrial respiratory function, and cell survival of cardiomyocytes
and cardiac fibroblasts. a, b The verification of STAT3 knockdown
using STAT3 siRNA in cardiomyocytes (n=6) and cardiac fibroblasts
(n=38). **P<0.01 vs NC. NC negative control. ¢, d STAT3 knock-
down using siSTAT3 reduced complex I/II-related mitochondrial res-
piratory function in cardiomyocytes but not cardiac fibroblasts, n=6,
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Fig.8 STAT3 knockdown exacerbates H,O,-induced impairment
of mitochondrial respiration function and cell injury in cardiomyo-
cytes but not cardiac fibroblasts. a The representative profiles and
statistical data of mitochondrial respiration function of cardiomyo-
cytes which were transfected with siSTAT3 or NC and treated with
H,0, (100 pM) for 4 h. *P<0.05, **P<0.01 vs NC. NC negative
control, n=6. b The representative profiles and statistical data of
mitochondrial respiration function of cardiac fibroblasts which were
transfected with siSTAT3 or NC and treated with H,O, (100 pM) for
4 h. NC negative control, n=7. ¢ STAT3 knockdown exacerbated

indicating that S31-201 could inhibit STAT3 activity. S3I-
201 treatment alone showed no significant effect on cell
viability of cardiomyocytes and cardiac fibroblasts, and only
slightly inhibited CI+IIETS (CI plus CII electron transfer
system) in cardiomyocytes (Fig. 9c—f).

However, under the H,0, treatment (100 uM, 4 h) con-
ditions, S3I-201 significantly exacerbated H,0,-induced
impairment of mitochondrial respiratory function and cell
injury in cardiomycytes but not obviously in cardiac fibro-
blasts (Fig. 10), which is substantially consistent with the
results of siSTAT3 treatment.

Discussion

In this study, we have characterized the mitochondrial mor-
phology and function of cardiomyocytes and cardiac fibro-
blasts, and found that the response of cardiomyocytes and
cardiac fibroblasts to mitochondria inhibition was different.
Under the H,0, stimuli or rotenone treatment, mitochon-
drial function of cardiomyocytes was impaired and STAT3
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H,0,-induced reduction of cell viability in cardiomyocytes, n=06,
#%P<0.01 vs NC, *P<0.05 vs NC+H,0,. d H,0, (100 uM, 4 h)
treatment slightly reduced cell viability of cardiac fibroblasts trans-
fected with negative control, but STAT3 knockdown by siSTAT3
transfection did not exacerbate H,0,-induced reduction of cell via-
bility, n=6. e Live/dead staining results showed that STAT3 knock-
down exacerbated H,0,-induced cell death of cardiomyocytes but
not cardiac fibroblasts, n=8 images in each group. **P <0.01 vs NC,
#p <0.01 vs NC+H,0,

signal was inhibited, which induced cardiomyocyte injury
or increased susceptibility of cardiomyocytes to pathologi-
cal stimuli; however, cardiac fibroblasts were not sensitive
to these treatments, and whatever STAT3 inhibition or not,
the cell viability or survival of cardiac fibroblasts was not
significantly influenced by rotenone or H,O, stimuli. Cardio-
myocytes and cardiac fibroblasts are the dominant cell types
of heart, and cardiomyocyte loss and cardiac fibrosis are the
characterizations of major heart diseases, but the mechanism
underlying the simultaneous occurrence of cardiomyocyte
loss and cardiac fibroblast survival remains unclear. The
present study provides novel understanding of the poten-
tial mechanism of cardiomyocyte loss and cardiac fibrosis
under the same pathological stimuli. On the other hand, the
present work also suggests that different signaling pathways
might be in charge to transmit cellular stress in different cell
types. STAT3 plays a critical role in the survival response
in cardiomyocytes but not in cardiac fibroblasts which may
have another alternative signal.

Cardiomyocytes constantly perform contractile func-
tion and need sustained energy supply. Cardiac fibroblasts
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are mainly responsible for synthesis and degradation of
extracellular matrix to ensure proper cardiac form. Rela-
tively to cardiomyocytes, cardiac fibroblasts may demand
less energy. For adapting to their individual function, the
mitochondria in cardiomyocytes and cardiac fibroblasts
should have distinct distribution and density. Indeed, as
shown in Fig. 1a, b of the mitochondrial staining, car-
diomyocytes have high but cardiac fibroblasts have less
mitochondrial density. The shape of mitochondria in car-
diomyocytes and cardiac fibroblast was also distinct, the
mitochondria of cardiomyocytes are mainly in spherical or
ellipsoid shape and the mitochondria of cardiac fibroblasts
are mainly in filamentous shape. We further compared
the mitochondrial function and mitochondrial complex
protein expression of cardiomyocytes and cardiac fibro-
blasts; results showed that the mitochondrial function and
the complex I, II, III, IV, and V protein expressions of
cardiac fibroblasts were significantly lower than those of
cardiomyocytes. We speculate the reason that mitochon-
drial function of cardiac fibroblasts is lower than that of
cardiomyocytes might be due to the difference of mito-
chondrial morphology, density, amount, and the expres-
sions of mitochondrial complexes.

@ Springer

It has been reported that complex I/II activity was mainly
diminished in severe heart diseases in vivo, for instance,
Galan et al. found that myocardium after myocardial
ischemia had reduced basal and maximal oxygen consump-
tion rate, as well as complex I and II activity [8]; Schip-
per et al. reported that respiratory control rate and maxi-
mal complex I/II respiration ratio of mitochondrial isolates
extracted from left atrial appendage tissue from patients
were significantly lower [33]; Wiist et al. found that com-
plex I/II-coupled respiration decreased in heart hypertrophy
and heart failure of rats [42]. Therefore, we used complex I
inhibitor rotenone as the tool to induce mitochondria inhibi-
tion because that its effect of inhibiting complex I activity
was more close to pathological conditions in vivo. H,0, is
commonly used to induce myocardial injury [25, 40]; we
used it as another model inducer. We established the experi-
mental condition of 100 pM H,0, for 4 h to treat cardiomyo-
cytes and cardiac fibroblasts. This condition appropriately
differentiated the response of the two types of cells to H,O,
stimulus, namely cardiomyocytes but not cardiac fibroblasts
were damaged. Actually, H,O, also induced injury of car-
diac fibroblasts when the treatment time was prolonged or
the concentration was increased (Supplementary Fig. 3). On
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Fig. 10 STAT3 inhibitor S31-201 exacerbates H,0O,-induced impair-
ment of mitochondrial respiratory function and cell injury of cardio-
mycytes but not cardiac fibroblasts. a The representative profiles and
statistical analysis of mitochondrial respiration in cardiomyocytes
treated with H,O, (100 pM) for 4 h combined pretreatment with or
without S31-201 (10 pM) for 12 h, n=6. b The representative pro-
files and statistics of mitochondrial respiration in cardiac fibroblasts
treated with H,O, (100 pM) for 4 h combined pretreatment with or
without S31-201 (10 pM) for 12 h, n=6. ¢, d The cell viability of car-

the whole, we concluded that mitochondria inhibition by
rotenone and H,0, stimulus showed different effect on the
survival of cardiomyocytes and cardiac fibroblasts in the
present experimental conditions, mitochondria inhibition
induced damage of cardiomyocytes but had no effect on the
survival and proliferation of cardiac fibroblasts.

STAT3 is a member of STAT family. STAT3 plays an
important role in keeping cardiac physiological homeostasis
and protecting the heart against injury [1, 11, 14, 16, 20].
The mechanism of STAT3-mediated cardioprotection is con-
sidered through two pathways: the canonical transcriptional
action and the non-transcriptional regulation of electron
transport chain (ETC). The canonical transcriptional action
of STAT3 is that activated STAT3 translocates into the cell
nucleus and activates a series of antiapoptotic and cardiopro-
tective genes [2, 18]. The non-transcriptional regulation of
ETC by STAT3 is that the mitochondria-localized STAT3 is
required for optimal function of the ETC and reducing ROS
production and cytochrome c release [38, 39, 41]. We found
that knockdown of STAT3 by siRNA in cardiomyocyte
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diomyocytes and cardiac fibroblasts after H,O, treatment (100 pM,
4 h) with or without pretreatment of S3I-201 (10 pM, 12 h), n=6.
e LDH release in cardiomyocytes and cardiac fibroblasts after H,O,
treatment (100 pM, 4 h) with or without S31-201 (10 pM,12 h), n=6.
f The images and the statistics of live/dead staining of cardiomyo-
cytes and cardiac fibroblasts stimulated with H,O, (100 pM) com-
bined with or without pretreatment of S31-201(10 uM, 12 h). n=10,
#P <0.05, **P <0.01 vs control, *P<0.05, #P <0.01 vs H,0,. CTL
control

reduced cell viability and induced cell death, and cardio-
myocytes were more vulnerable to pathological stimuli when
STAT3 was at inhibited state, confirming the protective role
of STAT3 on cardiomyocytes.

Cardiac fibroblasts also express STAT3. In cardiac fibro-
blasts, STAT3 activation promoted cardiac fibroblast pro-
liferation [13] and hyaluronan accumulation in the wound
healing after acute myocardial infarction [27]. In heart tissue
in situ, cardiomyocytes, endothelial cells, fibroblasts, as well
as infiltrated immune cells co-exist and STAT3 is regarded
as a key regulator of cell-to-cell communication [13]. Car-
diomyocyte can stimulate STAT3 signal in cardiac fibro-
blasts through a paracrine mechanism [6]; it was reported
that conditioned medium from STAT3-deficient cardiomyo-
cytes increased fibroblast proliferation to promote fibrosis
via paracrine factors [15]. In the present study, we found that
mitochondria inhibition inhibited STAT3 in cardiomyocytes
but not cardiac fibroblasts, so we speculated that cardiomyo-
cytes with STAT3 inhibition by pathological stimuli might
also promote fibrosis via paracrine mechanism in situ.

@ Springer



12 Page 140f 16

Basic Research in Cardiology (2019) 114:12

It was well known that STAT3 regulates mitochondrial
respiration in cardiomyocytes [8, 46], but it is unclear
whether mitochondrial function affects STAT3 signal in
cardiomyocytes. In the present study, we found that both
mitochondrial respiratory complex I inhibitor rotenone and
H,0, stimuli inhibited STAT3 in cardiomyocytes. Our previ-
ous study found that mitochondrial uncouplers induce bipha-
sic change of mitochondrial function in parallel with the
biphasic change of STAT3 activity in cardiomyocytes [10],
indicating that mitochondrial function could regulate STAT3
signal in cardiomyocytes. However, in cardiac fibroblasts,
inhibition of mitochondrial function showed no significant
effect on STAT3 signal. We speculated that it might be due
to that STAT?3 signal in cardiac fibroblasts was not sensi-
tive to mitochondrial function, or there existed a different
mechanism of STAT3 regulation in cardiac fibroblasts from
that in cardiomycytes.

In the present study, we used two ways to inhibit STAT3
signal, STAT3-siRNA (siSTAT3) and pharmacological
inhibitor S31-201. SiSTAT3 repressed both the expression
and activity of STAT3 in cardiomyocytes and cardiac fibro-
blasts, and knockdown of STAT3 by siSTAT3 alone induced
cardiomyocyte injury. S31-201 only inhibited STAT3 activity
[decreased protein level of p-STAT3 (Y705)] in cardiomyo-
cytes and cardiac fibroblasts, and S31-201 treatment alone
showed no significant effect on cardiomyocytes and cardiac
fibroblast. However, S31-201 exacerbated H,0,-induced
cell injury in cardiomyocytes but not in cardiac fibroblasts,
which was consistent with the effect of siSTAT3. These
results indicated that STAT3, whether in severe or slight
inhibition state, could exacerbate pathological stimuli-
induced cardiac injury. A previous study reported that
STAT3-deficient mice showed enhanced susceptibility to
myocardial ischemia with increased cardiac apoptosis and
reduced survival [15]. A recent study reported that cardiac
STAT3 expression decreased in peripartum cardiomyopathy
patients and the low STAT?3 expression sensitized to toxic
effects of pf-adrenergic receptor stimulation [35]. All these
studies suggested the important role of STAT3 of cardio-
myocytes against heart diseases.

The characterizations of neonatal and adult cardiac cells
were different, for instance, the cell size, sarcomere compo-
nents, and amount of mitochondria [9]. Considering differ-
ences between primary myocytes used in this study and adult
myocytes, current data may not directly extrapolate to adult
situation, which is a limitation. However, our findings first
uncovered that STAT3 signaling is involved in the different
susceptibility of cardiomyocytes and cardiac fibroblasts to
mitochondrial inhibition, which contributed to distinct car-
diac cell fate during pathologic conditions.

In conclusion, the present study mainly focused on the
mitochondrial-dependent determination of cardiomyocytes
and cardiac fibroblast cell fate during pathologic conditions.

@ Springer

We demonstrated that the response of cardiomyocytes and
cardiac fibroblasts to mitochondria inhibition was different.
And STAT3 was uncovered as the key factor of different
susceptibility of cardiac myocytes and cardiac fibroblasts to
mitochondrial inhibition. Taken together, our study deepens
our understanding of the pathological mechanism of severe
heart diseases such as heart ischemia and heart failure, and
provides novel potential approach for prevention or treat-
ment of heart diseases.
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