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GDF11 alleviates secondary
brain injury after intracerebral
hemorrhage via attenuating
mitochondrial dynamic
abnormality and dysfunction

Angqi Xiao?, Yiqi Zhang?, Yanming Ren?, Ruiqi Chen?, Tao Li3, Chao You! & Xueqi Gan***

Intracerebral hemorrhage (ICH) is a serious public health problem with high rates of death and
disability. The neuroprotective effect of Growth Differentiation Factor 11 (GDF11) in ICH has been
initially proved by our previous study. Oxidative stress (OS) plays crucial roles in mediating subsequent
damage of ICH. However, whether and how mitochondrial dynamic events and function participated
in ICH pathophysiology, and how mitochondrial function and OS interreacted in the neuroprotective
process of GDF11 in ICH remains unclarified. Based on the rat model of ICH and in vitro cell model,

we demonstrated that GDF11 could alleviate ICH induced neurological deficits, brain edema, OS
status, neuronal apoptosis and inflammatory reaction. In addition, mitochondrial functional and
structural impairments were obviously restored by GDF11. Treatment with antioxidant protected
against erythrocyte homogenate (EH) induced cell injury by restoring OS status and mitochondrial
fusion fission imbalance, which was similar to the effect of GDF11 treatment. Further, inhibition

of mitochondrial division with Mdivi-1 attenuated mitochondrial functional defects and neuronal
damages. In conclusion, our results for the first time proposed that GDF11 protected the post-ICH
secondary injury by suppressing the feedback loop between mitochondrial ROS production and
mitochondrial dynamic alteration, resulting in attenuated mitochondrial function and amelioration of
neural damage.

Intracerebral hemorrhage (ICH) is a serious public health problem with high rates of death and disability, and it
accounts for 20-30% of stroke cases in Asial% The pathophysiology of intracerebral hemorrhage (ICH) damage
is complicated. There is general agreement that the acute formation of the hematoma produces tissue disrup-
tion and displacement®. The intra-parenchymal hematoma triggers a series of events termed secondary injury,
resulting progression of neurological deficits or death*®. Of note, oxidative stress (OS) plays a key role in the
pathogenesis of secondary ICH injury®. The production and accumulation of reactive oxygen species (ROS)
mainly come from the accumulation of hemoglobin cleavage products, excitatory amino acids and inflammatory
factors, and excessive generation of ROS triggers protein damage, neuronal apoptosis, and neuro-inflammation,
which lead to neurological deterioration in ICH patients®”*.

Mitochondria, the unique organelles for generating energy, are also the immediate target and main intracel-
lular source of ROS’. Mitochondrial dysfunction caused the dysregulation of ROS homeostasis, ROS accumu-
lation further caused damage in mitochondria, and persistence of vicious circles'. Previous studies presented
evidences that links mitochondrial impairment to ICH. The initial hematoma after ICH induces glutamate release
and then leads to mitochondrial dysfunction of neurons. Sook Kim-Han et al. found abnormal mitochondrial
respiration function as early as 2 h after ICH and a progressive decline with longer periods after ICH'. Extensive
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mitochondrial vacuolization and mitochondria swelling were also presented in brain tissue of ICH diabetic
rats'2. Mitochondrial dysfunction may contribute to the deficiency of adenosine triphosphate (ATP) generation
and then result in further excessive ROS generation and neuronal apoptosis and aggravation of brain injury
after [CH'>!*. Hence, oxidative stress status and mitochondrial disorders are deeply involved in secondary ICH
injury, management of oxidative stress and mitochondrial dysfunction may be an effective therapeutic strategy
for brain injury after ICH. However, the underlying mechanisms are not well understood and specific evidences
remain scarce.

As a dynamic organelle, mitochondrion undergoes fission and fusion continuously'*. The health of mitochon-
drial dynamics (fission and fusion) plays a critical role on maintaining mitochondrial morphology, appropriate
distribution and normal function'>!¢. The balance of fusion and fission relays on the regulation of fusion related
proteins, like dynamin-related GTPases mitofusin 1 and 2 (Mfn1 and Mfn2), [optic atrophyl (OPA1)] and fission
related proteins, like dynamin-related protein 1 (Drpl), Fission 1 (Fis1)!”!8. For mitochondrial dynamic proper-
ties are essential for neuronal activity'®, imbalance of fusion and fission could result in aberrant distribution of
mitochondria and defective cellular function®>*!. Sufficient evidence demonstrated that mitochondrial dynam-
ics are highly related to mitochondrial electron transport chain (ETC) function, mitochondrial ROS (mtROS)
accumulation, and ATP production in many neurogenerative diseases, such as Alzheimer’s Disease, Parkinson’s,
multiple sclerosis, and so on*. However, hitherto, whether and how mitochondrial dynamic balance involves in
ICH pathophysiology remains unexplored.

Growth Differentiation Factor 11 (GDF11), a member of TGF-b super-family, is considered as a “rejuvenate
factor” in improving diseases of different systems on old individuals*®. GDF11 acts through the activin type II
receptor (ActRIIB), and are antagonized by the activin-binding protein follistatin®*?*. Number of studies proved
that GDF11's binding of activin to ActRIIB induces the recruitment and phosphorylation of an activin type I
receptor, which then phosphorylates the intracellular signalling proteins SMAD2 and SMAD3%, consequently
affecting cell function and differentiation, reverse the aging and degradation of the nervous central system(CNS),
myocardium and skeletal muscle?®=%. Previous studies on myocardial ischaemia/reperfusion injury also demon-
strated that GDF11 administration increased the phosphorylation of SMAD3 and decreased the phosphoryla-
tion of FOXO3a, which then affected mitochondrial Ca?* homeostasis, ROS accumulation and mitochondrial
depolarization®. GDF11 also exerted its neuroprotective effect through the ALK5-Smad2/3 pathway in cerebral
ischemic injury to reduce cell apoptosis of neurons in the peri-infarct cerebral cortex®®. Moreover, researchers
revealed the anti-OS effect of GDF11 by alleviating the accumulation of ROS and its subsequent damage in
cardio/cerebrovascular diseases. In our previous study, the preliminary neuroprotective role of GDF11 in ICH
has been explored'. However, its regulation of neuro-mitochondria and specific antioxidant stress effect against
secondary ICH injury is undocumented.

Therefore, the aims of the present in vivo and in vitro study were to investigate (1) whether and how mtROS
mediated mitochondrial dysfunction were involved in the neuroprotective regulation of GDF11 in ICH; (2)
whether and how mitochondrial dynamic events participated in the neuroprotective role of GDF11 in ICH;
(3) the interreaction and relationship between mitochondrial dynamic abnormality and mtROS accumulation
in the neuroprotective process of GDF11 in ICH. Our results would provide new insight into the underlying
mechanisms of GDF11 neuroprotection on ICH pathogenesis, highlighting the potential therapeutic applica-
tion for ICH.

Material and methods

Animal preparation, set up ICH model and neurological function investigation. All experimen-
tal procedures were approved by Biological and Medical Ethics Committee of West China Hospital, Sichuan
University and complied with the Guide for the Care and Use of Laboratory Animals by National Institutes of
Health. According to our previous study, we detected that serum GDF11 concentrations were significantly lower
in aged rats'. Thus, 45 aged Male Sprague-Dawley (SD) rats (24 months old; 320-360 g) were used (Dashuo
Laboratory Animal Co., Ltd, Chengdu, China). All animals were housed in an environmental controlled room
with 12 h light/dark cycle under fixed temperature (21 °C) and allowed free access to food and water. In addi-
tion, their health and weight condition were monitored daily. 45 rats were randomly and equally divided into
three groups: sham + vehicle group, ICH + vehicle group, and ICH + rGDF11 group (n =15 for each group). The
GDF11 stock solution was diluted to 0.1 mg/mL with 30 mM acetate buffer for intraperitoneal (IP) injections.
IP injections of recombinant GDF11 (R&D Systems, catalog No.1958-GD-010) (0.1 mg/kg/day) or vehicle only
(30 mM acetate) were first given 2 h prior to operation and daily continued until the end of this experiment
(7 days after operation).

The ICH model was set as previously described'. In brief, rats were anesthetized intraperitoneally with 4%
chloral hydrate. Then specimens were set in a stereotactic apparatus frame (RWD, Shanghai, China) and made
an incision about 1.5 cm over the anterior scalp. The right basal ganglia was stereotactically localized as: 3.5 mm
lateral to the midline, 1.5 mm posterior to the bregma, and 5.5 mm ventral to the cortical surface. After drilling a
1-mm-diameter burr hole in the skull, autologous whole blood (80 pL) taken from central tail artery was injected
into the right basal ganglia at a constant rate of 16 uL/minute via microinfusion pump. After that, needle was
stayed for extra 10 min and then withdrawn slowly. At last, sealed the burr hole by bone wax and sutured the
scalp. During the procedures, the body temperature was maintained at 37 + 0.5 °C using a feedback-controlled
heating blanket. Behavioral testing was performed on day 1, day 3 and day 7 after ICH in all experimental groups
as our previous study did. Modified neurological stroke scale (mNSS) was used to evaluate rat’s behavior among
groups in terms of motor, sensory, balance beam tests, and the presence of reflexes or abnormal movements.
For brain tissue testing, the intact rat brain was removed after anesthetic sacrifice with 4% chloral hydrate
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intraperitoneal injection. Evaluation of the brain water content, immunohistochemistry staining of OX-42, and
cell apoptosis evaluation by TUNEL staining were all performed as previously described'.

Oxidative stress level measurement. ICH hemispheres were collected from each group and homog-
enized and centrifuged at 4 °C*%. The concentrations of glutathione (GSH), superoxide dismutase (SOD), and
malondialdehyde (MDA) in the homogenate were determined by commercial kits according to the supplier’s
instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)*. The activity of glutathione perox-
ides (GPx) and activity of glutathione-S-transferase (GST) were measured from brain tissue homogenate accord-
ing to the instruction of commercial kits (Nanjing Jiancheng, Bioengineering Institute, Nanjing, China)**%.

Measurement of enzyme activities associated with respiratory chain complexes and ATP
levels. Mitochondrial respiration complex activity was measured in ICH hemispheres or in SH-SY5Y cell
homogenates as described before*®*”. Briefly, ICH hemispheres or cultured cells were homogenized and soni-
cated in the isolation buffer containing 250 mM sucrose, 20 mM HEPES, pH 7.2, and 1 mM EDTA. Complex I
(NADH-ubiquinone reductase) activity was determined in 25 mM potassium buffer containing KCl, Tris-HCl
and EDTA (pH 7.4). The change in absorbance was monitored at 340 nm wavelength every 20 s for 6 min using
an Amersham Biosciences Ultrospect 3100 pro spectrophotometer. For homogenized samples (50 pg protein),
the oxidation of NADH was recorded for 3 min following the addition of 2 pug/mL antimycin, 5 mM MgClL,
2 mM KCN, and 65 uM co-enzymes Q1 to the assay mixture, and then 2 pg/mL rotenone was added to the
mixture. The absorbance of samples was measured for another 3 min. Enzyme activities in complex II (succinate
dehydrogenase), complex III (ubiquinol-cytochrome c reductase), complex IV (cytochrome c oxidase, CcO),
and citrate synthase were determined as described previously®. ATP levels were measured using an ATP Biolu-
minescence Assay Kit (Roche) following the manufacturer’s instructions®. ICH hemispheres and SH-SY5Y cells
were homogenized in the lysis buffer provided in the kit, incubated on ice for 15 min, and centrifuged at 14,000g
for 15minutes. Subsequent supernatants were measured for the ATP levels using Luminescence plate reader
(Molecular Devices) with an integration time of 10 s.

Cell culture and treatments. The SH-SY5Y human neuroblastoma cells (obtained from ATCC) were cul-
tured as monolayer in polystyrene dishes and maintained in DMEM supplemented with 2 Mm glutamine, 100
units/mL penicillin, 100 mg/mL streptomycin, and 10% of FBS at 37 °C in a humidified atmosphere of 5% CO,.
Cells were subcultured at confluences (70-80%), and the medium was replaced twice a week. For ICH-like injury
model, we exposed SH-SY5Y human neuroblastoma cell cultures to freshly prepared erythrocyte homogenate
(EH). The RBC isolated using density gradient centrifugation (BD Vacutainer CPT) were lysed in distilled H20
at a density of 1 x 10° RBC/mL, and the RBC lysate was added into the culture medium to the hemoglobin (Hb)
concentration of 0.1, 1, 5, 10 my., measured by spectrophotometer as previous study described’. For EH treated
group, SH-SY5Y cells were treated with EH, which contained Hb (0.1, 1, 5, 10 mp.) for 24hs, and for EH + GDF11
group, recombinant human GDF 11 (R&D Systems) with 10 ng/mL working concentration was added 12hs prior
to the EH treatment®. The antioxidant N-acetylcysteine (NAC) (working concentration: 1.0 mM; Sigma Aldrich
Co., St Louis, MO, USA) and mitochondrial division inhibitor 1 (Mdivi-1) (working concentration: 25 uM;
Sigma Aldrich Co., St Louis, MO, USA) were dissolved in DMSO (50 mM) and diluted with culture medium
to the working concentration. NAC or Mdivi-1 was co-added with EH to culture medium for EH+NAC and
EH + Mdivi-1 groups.

Determination of LDH. Lactate dehydrogenase (LDH) is an enzyme that catalyzes the conversion of lac-
tate to pyruvate, which is an important step in energy production in cells. The cell injury was assessed by deter-
mining the amount of LDH released into the culture medium, using an LDH assay kit (Promega)*'.

Measurement of apoptosis by flow cytometry and TUNEL assays. Measurement of apoptosis
by flow cytometry was performed as previously described*’. An annexin V-fluorescein isothiocyanate (FITC)
Apoptosis Detection Kit (annexin V-FITC conjugate, propidium iodide (PI) dyes, and binding buffer) (BD
Pharmingen, California, USA) was used. Cells were washed with PBS and dissolved in binding buffer. Annexin-
V was added and cells were incubated in the dark for 15 min. Subsequently, propidium iodide (PI 1 pg/mL) was
added. After exposure to various experimental conditions, cells were labeled with fluorochromes at 37 °C after
trypsinization. Then cytofluorometric analysis was performed with FACScanto II flow cytometer (Becton Dick-
inson, Mountain View, CA, USA).

TUNEL staining was performed to evaluate the cell apoptosis in brain tissues or in SH-SY5Y cells as previ-
ously described®. The extent of cell death was assessed using a Terminal deoxynucleotidyl Transferase Biotin-
dUTP Nick End Labeling (TUNEL) kit (Roche), according to the manufacturer’s instruction. In brief, fixed slides
were pretreated with 20 mg/mL proteinase-K in 10 mM Tris-HCI at 37 °C for 15 min and then incubated in
0.3% hydrogen peroxide dissolved in anhydrous methanol for 10 min after being rinsed in phosphate-buffered
saline (PBS), then incubated in 0.1% sodium citrate and 0.1% Triton X-100 solution for 2 min at 4 °C. After
PBS washes, samples were incubated with 50 uL of TUNEL reaction mixture with terminal deoxynucleotidyl
transferase (TdT) at 37 °C for 1 h, and the neuronal nuclei were stained with 40,6-diamidino-2-pheny lindole
(DAPI). Sections were visualized by a fluorescence microscope (Leica TCS SPE, Germany). Images were acquired
from 4 randomly selected fields (40x) at both the edge and center of the hematoma region. The total number of
nuclei and TUNEL positive cells were counted in each field of view.
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Western blot analyses. Expression levels of target proteins were measured by western blot as previously
described*. After the indicated treatments, cells were collected and lysed in cell lysis buffer (Cell Signaling Tech-
nology, Beverly, MA, USA). Protein concentrations were determined using a Bradford protein assay kit (Thermo
Fisher Scientific). Proteins were electrophoresis by SDS-PAGE and transferred to a polyvinylidene difluoride
(PVDF) membrane. Anti-Drp1 (1:1000, BD Science), anti-phospho-Drp1(Ser616) (1:1000, Cell Signaling), anti-
Opal (1:2000, BD Science), anti-Mitofusion2 (Mfn2) (1:1000, Abcam), anti-Fisl (1:1000, Atlas Antibodies),
anti-VDAC (1:2000, Santa Cruz), anti-Bcl-2 (1:1000, Santa Cruz), anti-Bax (1:2000, Santa Cruz), anti-Caspase-3
(1:1000, Santa Cruz), anti-Cleaved Caspase-3 (1:1000, Santa Cruz), and anti-B-actin (1:8000, Sigma) antibod-
ies were used as primary antibodies. The binding sites of primary antibody were visualized with horseradish
peroxidase-conjugated anti-rabbit IgG antibody (1:5000, Invitrogen) or anti-mouse IgG antibody (1:5000, Inv-
itrogen), followed by the addition of ECL substrate. The protein bands were detected using a Bio-Rad imaging
system (Bio-Rad, Hercules, CA, USA) and quantified with NIH Image] software (available in the public domain)
and normalized with b-actin levels.

Functional imaging assays. Cells were harvested from 75 cm? flasks and replated at low density onto
Lab-Tek eight-well chamber slides. Intracellular ROS was detected by DCF staining with 2',7’-dichlorodihydro-
fluorescein diacetate (H2DCF-DA) (10 uM; Sigma) for 30 min. Mitochondrial ROS generation was determined
by co-staining with Mitotracker Green (MTGreen) (100 nM; Molecular Probes) and Mitosox Red (2.5 puM;
Molecular Probes) (a unique fluorogenic dye highly selective for detection of superoxide production in live cell
mitochondria) for 30 min. For mitochondrial membrane potential determination, cells were co-stained with
MTGreen (100 nM; Molecular Probes) and Tetramethylrhodamine methyl ester (TMRM) (100 nM; Molecular
Probes) for 30 min. Fluorescence from MTGreen is independent of membrane potential, whereas TMRM is
sensitive to membrane potential. Mitochondria were labeled with Mitotracker Red (Molecular Probes, incubated
in 100 nM Mitotracker Red for 30 min at 37 °C before fixation) to visualize morphology. Cells were transfected
with 1 pg mito-DsRed plasmids (pDsRed2-Mito). 24 h after transfection, pDsRed2-Mito positive cells were
recorded.

Images were captured under a microscope (Leica TCS SPE). Excitation wavelengths were 543 nm for Mitosox,
TMRM, Mitotracker Red or pDsRed2-Mito and 488 nm for MTGreen, respectively. Fluorescent signals were
quantified using NTH Image J software. Post-acquisition processing was performed with MetaMorph (Molecular
Devices) and NIH Image J software for quantification and measurement of fluorescent signals of mitochondrial
length and density. Mitochondrial size, shape, density, and fluorescent intensity were quantified by an investiga-
tor blinded to experimental groups. More than 100 clearly identifiable mitochondria from randomly selected
10-15 cells per experiment were measured in 3 independent experiments as our previous study described®.

Statistical analysis. Data were statistically analyzed using Prism software for Students t test and are pre-
sented as mean + standard deviation (SD). The statistical comparisons among multiple groups were made using
one-way ANOVA, and multiple time points by two way ANOVA followed by Bonferroni correction. In all
instances, N refers to the number of animals in a particular group. A p value of <0.05 is considered statistically
significant.

Results

GDF 11 attenuated ICH secondary injuries in elderly rats.  Firstly, neurological behavioral testing in
each group was evaluated before sacrifice. Compared to the sham group, severe behavioral impairment appeared
in ICH groups on 1, 3, 7 days. While compared to ICH treated group (ICH + vehicle group) at each time point,
rGDF11 treatment restored the neurological impairment after ICH. (Fig. 1A). To assess ICH-induced brain
edema, we examined brain water content of each group on day 3 post-ICH. As shown in Fig. 1B, no significant
difference was found in water content of contralateral hemisphere and cerebellum among the groups. However,
compare to the sham, brain water content of ipsilateral hemisphere was found significantly increased in two
ICH groups. While with further comparison in between, remarkable reduce of water content was presented in
ICH +rGDF11 rats, indicating the ameliorating effect of GDF11 in ICH-induced edema (Supplementary Infor-
mation S1).

The increase of neuronal apoptosis and inflammatory activity is a typical indicator for ICH secondary injury.
Thus, we utilized TUNEL staining to evaluate peri-hematomal apoptosis on day 3 post-ICH induction. As shown
in Fig. 1 C,D, compared with the Sham + vehicle group, number of TUNEL-positive cells in the peri-hematomal
area increased as much as 8.43 times in ICH + vehicle group. While after rGDF11 treatment, a significant reduc-
tion was shown on TUNEL-positive cells, dropping by 46.11%. To evaluate inflammatory injury of the brain tis-
sue, we examined OX-42" microglial cells of each group on day 3 post-ICH. Based on the immunohistochemistry
staining, OX-42* microglial cells in ICH + vehicle rats increased significantly comparing to the Sham + vehicle
group, while a clear inhibition was found in ICH rats with administration of rGDF11 (Fig. 1E,F).

Known as oxidative stress playing a crucial role in neuro-impairment after ICH, we tested the levels of
GSH, SOD, MDA around the ipsilateral basal ganglia to explore the ICH-induced oxidative stress. After ICH,
the obvious reduction of GSH and SOD levels and strong increase of MDA level was more pronounced in
ICH + vehicle group as compared with the Sham + vehicle group, whereas after GDF11 treatment, these changes
were significantly inhibited. Between Sham + vehicle and ICH + GDF11 groups, no significant differences were
observed in indicated oxidative stress levels (Fig. 1G-I). GSH plays a role in myriad cellular functions, including
maintenance of reduced protein thiols, detoxification of hydrogen peroxide (H,0,) and lipid peroxides, second-
ary metabolism, and non-enzymatic scavenging of free radicals. Intracellular GSH and its related enzymes, such
as GPx and GST constitute the cellular glutathione antioxidant system and represent a crucial defensive system
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Figure 1. GDF 11 attenuated ICH secondary injuries in elderly rats. (A) Modified neurological severity
scores (mNSS) of different groups on day 1, 3, and 7 post-ICH. (B) Brain water content of contralateral
hemisphere, ipsilateral hemisphere and cerebellum on day 3 post-ICH expressed as percentage of the wet
weight. (C,D) The peri-hematomal TUNEL-positive cells on day 3 post-ICH, presenting as fold increases (C)
and TUNEL/DAPI-fluorescence staining (scale bar 200 um) (D). (E,F) OX-42 (+) cells counting (E) and OX-42
immunohistochemical staining (scale bar 50 um) on day 3 post-ICH (F). (G-I) ICH-induced oxidative stress
indicators shown as GSH (G), SOD (H) and MDA (I) on day 3 after ICH surgery. (J,K) GPx activity and GST
activity in the indicated groups on day 3 after ICH surgery. Values shown as mean + SD. *p <0.05 and **p <0.01
versus sham + vehicle group; *p <0.05 versus ICH + vehicle group and ¥p <0.05 versus sham + vehicle group.
n=6-8 animals per group. TUNEL terminal deoxynucleotidyl transferase dUTP nick end-labelling, DAPI
40,6-diamidino-2-phenylindole, GSH glutathione, SOD superoxide dismutase, MDA malondialdehyde.

to protect cells against ROS. Based on that, we evaluated the activity of GPx and GST for different groups. As
shown in Fig. 1],K, GPx activity and GST activity in the ICH + vehicle group decreased significantly as compared
with the Sham + vehicle group, whereas after GDF11 treatment, these changes were markedly restored. In this
regard, our results indicated that GPx and GST activity increased by GDF11 enhanced the resistance to neuro-
injury after ICH.

GDF11 restored mitochondrial dysfunction in brain tissue in elderly ICH rats. As mitochondrial
functions are deeply involved in secondary ICH injury, we next evaluated mitochondrial function by measuring
key enzyme activity associated with respiratory chain and adenosine triphosphate (ATP) levels. The activity of
the key enzymes involved in ETC were evaluated on day 3 post-ICH. Regarding the activity of ETC enzymes, as
shown in Fig. 2B,D, no significant difference was found in Complex II and Complex IV activities among three
groups. However, the activities of Complex I and III were dramatically decreased in ICH + vehicle group as
compared with Sham + vehicle (dropping by 73.2% and 64.2%, respectively, while GDF11 treatment significantly
restored complex I and III activity (Fig. 2A-D). Citrate synthase activity, used as a quantitative enzyme marker
for the presence of intact mitochondria, was comparable among three groups (Fig. 2E). Furtherly, we determined
ATP levels on day 3 post-ICH using an ATP Bioluminescence Assay. The ATP level significantly decreased in
ICH + vehicle group as compared with sham + vehicle group, however, a visible improvement on ATP levels was
recorded in ICH rats with rGDF11 administration (Fig. 2F).

GDF11 attenuated apoptosis and ROS accumulation of SH-SY5Y cells in ICH-like neurotoxicity
model. As there are no standard in vitro cell injury models that could mimic the ICH injury, we established
the ICH-like in vitro model according to the previous study’. We exposed SH-SY5Y human neuroblastoma
cell cultures to freshly prepared EH normalized by hemoglobin concentration. Hemoglobin (Hb) is the most
abundant protein in RBCs. When released into the brain parenchyma during hemolysis, Hb becomes a central
mediator of cytotoxicity*®*”. Firstly, to evaluate cellular damage induced by EH with different dose of Hb concen-
tration, we tested quantification of apoptosis percentage and cell released LDH in culture exposed to 0.1-10 uM
Hb for 24 h. The result showed a dose-dependent increase in the apoptosis incidence and LDH release. EH con-
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Figure 2. GDF11 restored mitochondrial dysfunction in brain tissue in elderly ICH rats. (A-E) Complex I, II,
III, V and citrate synthase enzyme activities in the indicated groups on day 3 post-ICH. (F) ATP level reduction
in indicated 3 groups. n=6-8 animals per group. Values shown as mean+SD. *p <0.05 and **p <0.01 versus
sham + vehicle group; *p <0.05 versus ICH + vehicle group.

taining 0.1 uM Hb treated cells showed comparable apoptosis percentage and LDH release with control group,
while EH containing 1-10 pM Hb treated cells showed significant increase of apoptosis percentage and LDH
release, and EH containing 5 tM Hb presented the ideal dose resulting in induced cellular damage (Fig. 3A,B).

Thus, we utilized the EH containing 5 uM Hb to establish ICH-like neurotoxicity model in following experi-
ments. Subsequently, we used flow cytometric analysis and TUNEL/DAPI staining to explore the EH induced
cell apoptosis (Fig. 3C-F). The result revealed a significant boost of apoptosis in both EH induced cohorts (EH
and EH + GDF11 group), while compared with each other, the apoptosis was apparently reduced in EH + GDF11
group. For Bcl-2 family proteins play an important role in mediating apoptosis, we examined the expression
changes of apoptosis-related proteins Bax and Bcl-2 in Hb-induced cells apoptosis by immunoblot analyses.
Compared with the control group, EH increased the protein expression of Bax by 1.64 times, but did not mark-
edly affect Bcl-2 expression (Fig. 3G,H). Furthermore, cleaved Caspase-3 relative to Caspase-3 was significantly
enhanced by 5.32 times in EH treated cells (Fig. 3I). Notably, rtGDF11 could apparently limit the expression of
Bax and cleaved Caspase-3 in EH induced cells (EH + GDF11 group), reduced by 23.02% and 59.02%, respectively
as compared with EH treated cells (EH group) (Fig. 3G-J). These results indicated that EH treatment obviously
induced cell apoptosis, which could be evidently attenuated by rtGDF11 treatment.

GDF 11 attenuated mitochondrial dysfunction of SH-SY5Y cells in ICH-like neurotoxicity
model. ROS generates as normal byproducts of cellular metabolism. However, ROS production can increase
dramatically under pathologic conditions, leading to cell damage. In this study, we first monitored the total cel-
lular ROS formation in each group by DCFA staining. As shown in Fig. 4A,B, the level of the intracellular ROS
significantly increased in EH treated cells, and decreased in EH+ GDF11 group.

Given that mitochondria are a major source of ROS generation and that ROS accumulation affects mitochon-
drial function, we tested whether mitochondrial ROS generation correlates with mitochondrial dysfunction.
Indeed, the intensity of Mitosox staining, an indicator for mitochondrial ROS, was significantly increased in
EH treated cells by 4.31 times compared to control cells, and rGDF11 significantly suppressed mitochondrial
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ROS accumulation (Fig. 4C,D). To determine whether EH treatment altered mitochondrial functions in SH-
SY5Y cells and the effect of GDF11 on EH induced mitochondrial dysfunction, the mitochondrial membrane
potential (Am¥m), ETC activities and ATP production were evaluated in each group. As shown in Fig. 4E,F,
TMRM staining was significantly decreased in EH treated cells by 63.5% compared to control group, and rtGDF11
greatly restored that. Regarding the activity of ETC enzymes, the activities of Complex I and III were apparently
decreased in EH treated cells compared with the control group (Fig. 4G,H). In consistency, great suppression of
ATP level was also found in EH group (Fig. 4I). In EH + GDF11 group, ETC enzyme activity and ATP produc-
tion were dramatically restored, indicating the protective potential of GDF11 against EH induced mitochondrial
dysfunction (Fig. 4G-I). These results suggested that ICH-like treatment obviously induced mitochondrial dys-
function, which could be significantly restored by GDF11.

ICH-like treatment altered mitochondrial dynamic abnormality, which could be restored by
rGDF11 treatment. We further evaluated the effects of GDF11 on mitochondrial dynamic events in EH
treated cells. Our result showed quantification of both mitochondrial length and density were significantly
reduced by EH induction compared to control group (Fig. 5A,B). Morphologically, the mitochondria under
EH induction were misshapen and fragmented indicated by specific Mitotracker Red staining and mito-DsRed
transfection (Fig. 5C,D). In contrast, the mitochondria in the control group exhibited an elongated-tubular and
filamentous morphology within an even distribution in cytoplasm. Abnormal mitochondrial morphology in EH
treated cells (fragmentation) was largely reversed with rGDF11 treatment, the decrease of mitochondrial length
and density was remarkably resisted associated with morphological improvement (Fig. 5A-D), indicating the
protective effect of rGDF11 on mitochondrial dynamics.

Related fission and fusion proteins regulate the mitochondrial dynamics, maintaining mitochondrial
morphology*. Drpl is a key player in mitochondrial fission regulation co-acting with other proteins. Accu-
mulating evidences suggest Drp1 is able to be phosphorylated at several sites, and phosphorylated Drp1 at the
Ser616 site was proved to be related to the mitochondrial fragmentation®. Indeed, Drp1 levels were significantly
increased in EH treated cells by 2.63 times as compared with control group, and we observed an increase in
Ser616 phosphorylation in parallel with an increase in total Drpl in EH treated cells as well as p-Drp1 (at 616
residues) contrast with total Drp1 protein levels (Fig. 5E-G,L). Fis1, another important regulator of mitochon-
drial fission, was also upregulated in Hb-treated cells by 1.74 times (Fig. 5H,L). However, rtGDF11 treatment
(EH + GDF11 group) could successfully suppress the increase of p-Drpl, Drpl and Fisl expression compared
to EH treated group. While among the indicated groups, no significant difference was observed in the protein
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Figure 6. Effect of antioxidant treatment on EH-induced apoptosis and mitochondrial dysfunction in SH-SY5Y
cells. (A,B) The TUNEL-positive cells presenting as fold increase and representative pictures for TUNEL/
DAPI-fluorescence staining (scale bar 200 pm) in indicated groups. (C-E) Quantification of immunoreactive
bands for Bax relative to $-actin (C) and cleaved Caspase-3 relative to Caspase-3 (D). Immunoreactive bands
for Bax, cleaved Caspase-3, and Caspase-3 in the different treated cells (E). (F,G) Quantitative analysis of
DCFA fluorescence intensity presenting as fold increase and representative images (scale bar 50 um) in the
indicated groups. (H-J) Quantification of Mitosox and TMRM staining intensity (H,I) with representative
images showing TMRM staining (scale bar 5 um) in the indicated groups (J). (K-M) Complex I, III activities
and ATP levels in the indicated groups. (N-Q) Quantification of mitochondrial length and density (N,0) with
representative images of Mitotracker Red and Mito Ds-red staining (scale bar 5 pm) in the indicated groups
(P,Q). Values shown as mean + SD. *p <0.05 and **p <0.01 versus control group; *p <0.05 versus EH group and
&p <0.05 versus control group (n=7).

expression of the Mfn2, or Opal (Fig. 5L,J,L). As Voltage-dependent anion channel (VDAC) is involved in
the regulation of mitochondrial physiology and is a critical component in controlling mitochondrial energy
production®, we performed western blot for VDAC levels. The results showed that no differences were found
in different groups (Fig. 5K,L). It suggested that VDAC did not play effect on the mitochondrial dysfunctions
induced by EH. These data demonstrated that impaired mitochondrial fission and fusion dynamics were involved
in the EH induced cell injury, and the protection role of rGDF11 was closely associated with its restoration effect
on the altered mitochondrial dynamics.

Effect of antioxidant treatment on erythrocyte homogenate induced apoptosis and mito-
chondrial dysfunction in SH-SY5Y cells. In view of increased ROS production and accumulation in EH
treated cells and a critical contributor of oxidative stress to mitochondrial dysfunction and abnormal changes
in mitochondrial structure®!, we next determined if antioxidant treatment could rescue altered EH induced cell
damage, apoptosis, mitochondrial functional and structural impairment. Cells were incubated with the antioxi-
dant NAC, which is a precursor of GSH. As the result, NAC treatment rescued cellular apoptosis in EH treated
group, indicated by decreased TUNEL positive cells and depression of Bax and cleaved Caspase-3 (Fig. 6A-E).
In terms of anti-ROS effect, NAC significantly ameliorated the intracellular and mitochondrial OS levels induced
by EH induction, indicated by remarkable reduction of DCFA and Mitosox intensity (Fig. 6F-H). Such treat-
ment significantly improved mitochondrial function and energy metabolism by increased membrane potential
(as measured by TMRM staining), complex I and III activity, and ATP levels in EH treated cells (Fig. 4I-M). The
protective effect of NAC on EH induced mitochondrial dysfunction suggests the involvement of oxidative stress
in mitochondrial dysfunction. For the role of NAC in mitochondrial length, density and morphology in EH-
treated cells, NAC efficiently attenuated EH-induced morphological alterations of the mitochondria, which were
corroborated by increased mitochondrial length and density as shown in Fig. 6N-Q. These results indicated that
the antioxidant effect of NAC played neuroprotective role in EH induced cell injury by inhibiting ROS produc-
tion, mitochondrial functional and structural impairments, which was similar to the effect of rGDF11 treatment.
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Treatment with mitochondrial division inhibitor Mdivi-1 rescues erythrocyte homogenate
induced apoptosis and mitochondrial dysfunction in SH-SY5Y cells. Over-fission of mitochon-
dria plays an important role on mitochondrial and neuronal dysfunction under oxidative circumstance.
Results presented above raise the question of whether GDF11 rescued EH induced mitochondrial and neuronal
damages via inhibiting mitochondrial division. To address the questions, we investigated the effect of mito-
chondrial division inhibitor, Mdivi-1, a selective inhibitor of GTPase activity in Drpl. Treatment with Mdivi-1
successfully attenuated cell apoptosis and expression of relative proteins (Fig. 7A-E). In addition, intracellular
and mitochondrial ROS level induced by EH treatment were significantly inhibited when exposed to Mdivi-1
(Fig. 7F-H). Furtherly, we tested mitochondrial membrane potential, respiration chain activity and ATP produc-
tion following treatment with Mdivi-1. Despite of no statistical difference found in complex IIT activity, deficits
in mitochondrial membrane potential, complex I activity and ATP level were significantly reversed by Mdivi-1
intervention (Fig. 7I-L). Moreover, the loss of mitochondrial length and density associated with mitochondrial
fragmentation induced by EH was significantly eradicated with the treatment with Mdivi-1 (Fig. 7M-P). Col-
lectively, our data indicated that Mdivi-1 played neuroprotective role in EH induced cell injury by inhibiting
mitochondrial over-fission, leading to attenuated ROS production, and improved mitochondrial function, and
GDF11 might rescue EH-induced mitochondrial and neuronal damages via inhibiting mitochondrial division.

Discussion

Consensus has already been made that ICH-induced oxidative stress (OS) is one major mechanism involved
in subsequent damages of ICH such as brain edema, inflammatory recruitment, neuronal apoptosis as well as
mitochondrial toxicity*S. As the main component of hematoma, red blood cell(RBC) lyses into hemoglobin
(Hb), which itself could release a large amount of superoxide during spontaneous nonenzymatic oxidation to
oxyhemoglobin and methemoglobin®*, triggers downstream ROS production. Though the specific pathways
are still unclear, NADPH Oxidase(NOX) or nitric oxide synthase(NOS) activated by Hb may possibly involve in
ROS mediation®***. The anti-aging and anti-oxidative stress effect of GDF11 has been proved in multiple systems,
moreover the neuroprotective potential of GDF11 on ICH was initially revealed in our previous study'. However,
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the molecular mechanisms linking ROS accumulation to mitochondrial deficit after ICH remains veiled. In our
study, we, for the first time, explored the protective role of GDF11 on post-ICH secondary injuries by attenuating
ROS-mediated mitochondrial dynamic abnormality and dysfunction.

In vivo, GDF11 could significantly improve the neurological deficits and peri-hematomal edema after ICH.
Our study also found that ICH-induced neuron apoptosis and inflammation were remarkably down-regulated
by GDF11. The inherent connection of pathological apoptosis and inflammatory reaction to ICH-induced brain
edema and neuro-functional disability has been deeply clarified in previous studies®. For anti-apoptosis and anti-
inflammation effects of GDF11, the positive findings were documented in multiple systems?-2*%¢. Zhang et al.
reported that apoptosis of endothelial progenitor cells could be attenuated by GDF11 in diabetic limb ischemia®’.
On cardiovascular study, GDF11 could decrease endothelial apoptosis and inflammation against atherosclerosis
in aging mice®. Moreover, in neurologic system, the neuro-inflammatory activity was significantly decreased
in Alzheimer’s disease model after GDF11 treatment®. In consistency, those potentials of GDF11 on ICH were
again confirmed in our study. At upstream, ROS generation plays an essential role on inducting inflammatory
mediators and activating neuron death. In this experiment, the depression of OS status explained upstream
regulation of GDF11 on ICH secondary damages.

Mitochondria, vital organelles maintaining the intracellular energy homeostasis and function, are the site of
intracellular oxygen free radical production as well as the main target of oxygen free radicals®’. Given the criti-
cal role of mitochondria in neurons, mitochondrial dysfunction and morphology deformation are increasingly
implicated in OS injuries®’. Mitochondrial membrane potential (MMP), formed by a proton gradient established
across the mitochondrial inner membrane, is a vital index of mitochondrial ATP production®'. Some researchers
explored exponential dependence of ROS production on MMP in respiratory stage 4 from rat heart muscle®.
However, under the exposure of erythrocyte lysate, neuronal MMP was found declined associated with the boost
of mtROS production, which in turn deteriorates oxidative damage'?. In our study, also, MMP loss was tested via
TMRM examination in EH-treated cells, moreover ATP decrease and ROS promotion were observed both in vivo
and in vitro. While after GDF11 treatment, the collapse of MMP and increase of ROS were inhibited associated
with rescue of ATP production, indicating the potential of GDF11 saving mitochondrial function against OS.

Oxidative phosphorylation of mitochondrial ETC plays an essential role on MMP homeostasis and ATP
generation®. Activities of mitochondrial respiratory Complexes, including Complexes I, I1, IIL, IV and V, must
be very well orchestrated to function properly, otherwise subsequent oxidative damage and apoptosis could be
caused by the respiratory chain incoordination®’. Post-ICH OS injury and neuron apoptosis were highlighted
in previous articles, but the evidence on mitochondrial respiratory chain’s obstacle in ICH-induced apoptosis
remains scarce. Within electron transfer and mitochondrial metabolism links, the main process producing
mitochondrial ROS exists on involvement of Complexes I and III®. According to previous research, Complex
I and III could release superoxide towards the mitochondrial matrix and inner mitochondrial membrane, and
defect of Complex I and IIT activity played a crucial role in mitochondrial OS, which contributes to apoptosis
induction®. Our study identified that ICH suppressed activity of Complex I and III among the ETC enzymes
consistent with down-regulation of ATP level. In in vivo and in vitro ICH models, GDF11 showed its protec-
tive effect on maintaining the activity of ETC complex I and III. However, the precise mechanisms underlying
improvement in oxidative stress-related mitochondrial dysfunction are still not well understood.

Of note, impaired mitochondrial dynamics are deeply involved in the pathophysiological process of neuro-
damages. Our results showed that erythrocyte homogenate could induce the imbalance of mitochondrial fission,
EH treatment apparently resulted in more mitochondrial fragmentation in neurons, indicated as decreased
mito-density and shortened mito-length. And morphological appearance displayed fragmented, misshapen,
bleb-like mitochondria. EH treatment induced excessive mitochondrial fragmentation could be alleviated by
GDF11. Compared to EH induced cohort, improvements of mitochondrial quantity and morphology were shown
in cells after GDF11 treatment, supporting the regulative potential of GDF11 on the mitochondrial dynamics.
Drpl and Fisl are important proteins leading to mitochondrial fission, while Mfn2 and Opal promotes the
fusion?%. And Drp1 phosphorylation at 616 residues is closely associated with mitochondrial fission*’. Our
data demonstrated that GDF11 significantly suppressed the up-regulation of Drpl, p-Drp1 (at 616 residues), as
well as p-Drpl contrast with total Drp1 protein levels in EH treated cells, presented no obvious change in Mfn2
and Opal expression.

Given that the imbalance of mitochondrial fission and fusion plays a critical role in maintenance of mito-
chondrial morphology, distribution and function*, we assessed the link between oxidative stress and changes in
mitochondrial dynamics. Previous studies reported that the process of mitochondrial fission and fragmentation
is mediated by Drp1, which could be upregulated by ROS production’. Thus, we hypothesized that inhibited ROS
production or Drpl1 activity could also attenuate the aforementioned neuronal and mitochondrial damage indica-
tors. Therefore, we further tested the role of NAC and Mdivi-1 on cells with EH treatment. Consistent with the
prediction, similarly to GDF11, NAC and Mdivi-1 treatment respectively rescued apoptosis and mitochondrial
dysfunctions by reversing the inner MMP, mitochondrial ROS production/accumulation, ETC activities and
morphological change. Recent evidence indicated that aberrant mitochondrial morphology may enhance ROS
formation, which, in turn, may deteriorate mitochondrial ultrastructure®”. Our findings suggested that GDF 11
may exert neuroprotective effect against oxidative stress by inhibiting mitochondrial functional and structural
pathological damage after ICH. GDF11, a member of TGF-{ super-family, acts through the activin type II recep-
tor (ActRIIB) and mediates downstream signaling through the activation of the SMAD2/SMAD3 complex?.
Previous studies on myocardial ischaemia/reperfusion injury also demonstrated that GDF11 administration
increased the phosphorylation of SMAD3 and decreased the phosphorylation of FOXO3a, which then affected
mitochondrial Ca?* homeostasis, ROS accumulation and mitochondrial depolarization®**. We suggested TGF-
B1-Smad2/Smad3 signaling might underlie the neuroprotective effects of GDF11 in ICH, however, further studies
are needed to better elucidate the pathway.
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Figure 8. Working hypothesis: GDF11 protected the post-ICH secondary injury by suppressing the feedback
loop between mitochondrial ROS production and mitochondrial dynamic alteration, resulting in attenuated
mitochondrial function, consequently restoring cell apoptosis, and amelioration of neural damage.

Taken together, our study offered new insights into the underlying mechanisms of the GDF11 neuroprotec-
tion on ICH pathogenesis. For the first time, we proposed that GDF11 protected the post-ICH secondary injury
by attenuating ROS-mediated mitochondrial dynamic abnormality and dysfunction, resulting in attenuated cell
apoptosis, and amelioration of neural damage (Fig. 8). These studies suggest therapeutic potential of GDF11
in treating ICH-induced injuries and explore targets for the development of interventions to prevent or treat
ICH-induced mitochondrial deficits.
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