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Abstract

Whereas elimination of damaged mitochondria by mitophagy is proposed to be cardioprotective, the regulation of mitophagy
at reperfusion and the underlying mechanism remain elusive. Since mitochondrial Zn** may control mitophagy by regulating
mitochondrial membrane potential (MMP), we hypothesized that the zinc transporter ZIP7 that controls Zn>* levels within
mitochondria would contribute to reperfusion injury by regulating mitophagy. Mouse hearts were subjected to ischemia/rep-
erfusion in vivo. Mitophagy was evaluated by detecting mitoLC3II, mito-Keima, and mitoQC. ROS were measured with DHE
and mitoB. Infarct size was measured with TTC staining. The cardiac-specific ZIP7 conditional knockout mice (ZIP7 cKO)
were generated by adopting the CRISPR/Cas9 system. Human heart samples were obtained from donors and recipients of
heart transplant surgeries. KO or cKO of ZIP7 increased mitophagy under physiological conditions. Mitophagy was not acti-
vated at the early stage of reperfusion in mouse hearts. ZIP7 is upregulated at reperfusion and ZIP7 cKO enhanced mitophagy
upon reperfusion. cKO of ZIP7 led to mitochondrial depolarization by increasing mitochondrial Zn** and, accumulation
of PINK 1 and Parkin in mitochondria, suggesting that the decrease in mitochondrial Zn** in response to ZIP7 upregulation
resulting in mitochondrial hyperpolarization may impede PINK1 and Parkin accumulation in mitochondria. Notably, ZIP7
is markedly upregulated in cardiac mitochondria from patients with heart failure (HF), whereas mitochondrial PINK1 accu-
mulation and mitophagy were suppressed. Furthermore, ZIP7 cKO reduced mitochondrial ROS generation and myocardial
infarction via a PINK1-dependet manner, whereas overexpression of ZIP7 exacerbated myocardial infarction. Our findings
identify upregulation of ZIP7 leading to suppression of mitophagy as a critical feature of myocardial reperfusion injury. A
timely suppression of cardiac ZIP7 upregulation or inactivation of ZIP7 is essential for the treatment of reperfusion injury.
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54 Zhelong Xu Although an early restoration of blood flow can improve the
zxu@tmu.edu.cn survival of ischemic myocardium, it also induces additional
Xiangrong Kong injury, a phenomenon termed reperfusion injury [1]. While
kongxiangrong001 @sina.com it is believed that an excessive generation of reactive oxygen
Qing Yang species (ROS) from mitochondria are critical for reperfusion
yq1963884 @sina.com injury [2], there is no an efficacious means to prevent mito-

chondrial ROS generation. Since mitochondria-produced
ROS can lead to mitochondrial damage that initiates a feed-
forward mechanism of oxidative stress and the cell death
pathway, failure to eliminating damaged mitochondria leads
to an increased cell death [3, 4]. Therefore, a timely clear-
ance of dysfunctional mitochondria through a specific type
of selective autophagy, termed mitophagy [5], is predicted
to prevent reperfusion injury [6]. However, the exact status
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of mitophagy at reperfusion and the precise mechanism by
which mitophagy is controlled at reperfusion remain to be
elucidated.

Although exogenous Zn** has been demonstrated to
induce autophagy [7] and mitophagy [8], the roles of zinc
transporters that are responsible for the intracellular Zn**
homeostasis in autophagy or mitophagy remain unknown.
A recent study showing that the interaction of the zinc trans-
porter ZIP1 with Drpl promotes mitophagy by reducing
mitochondrial membrane potential (MMP) [9] suggest that
zinc transporters may play a role in mitophagy. Originally
identified through homology to the mouse KE4 gene, the
zinc transporter ZIP7 (Slc39a7) localizes to the early secre-
tory pathway including Golgi apparatus and ER, and plays
a crucial role in intracellular Zn>* homeostasis by tightly
controlling movement of the ion into the cytosol from these
intracellular vesicles [10]. It has been reported that ZIP7
is involved in tamoxifen-resistant breast cancer progression
by activating the growth factor signaling pathways through
release of Zn* from the intracellular stores [11, 12]. ZIP7
also plays a role in B cell development [13], diabetes [10],
and ER stress in the heart [14]. Nevertheless, little is known
about the role of ZIP7 in the regulation of mitophagy, espe-
cially in the setting of cardiac diseases such as myocardial
reperfusion injury.

Here, we explored the potential role of ZIP7 in the patho-
genesis of myocardial reperfusion injury by determining its
regulatory effect on mitophagy as well as mitochondrial
ROS generation at reperfusion. We demonstrate that ZIP7
is upregulated at reperfusion and knockout of ZIP7 enhanced
mitophagy at reperfusion. Upregulation of ZIP7 reduces
mitochondrial Zn?* leading to hyperpolarization, which
suppresses mitophagy by preventing PINK1 and Parkin
accumulation to mitochondria. Moreover, Cardiac-specific
knockout of ZIP7 (ZIP7 cKO) or ZIP7 siRNA reduces ROS
generation as well as infarct size in mouse hearts. A timely
suppression of ZIP7 upregulation or inactivation of ZIP7 at
reperfusion may serve as a cardioprotective strategy not only
for the treatment of reperfusion injury but also for the treat-
ment of other cardiac diseases caused by oxidative stress.

Methods
Cell culture and genome editing

Rat heart tissue-derived H9c2 cardiac myoblast cell line
was purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in culture
plates with Dulbecco's modified Eagle's medium (DMEM)
(Gibco), supplemented with 10% fetal bovine serum (FBS)
(Gibco) and 100 U penicillin/streptomycin at 37 °C in a
humidified 5% CO,-95% air atmosphere. To generate the
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ZIP7 gene knockout (ZIP7 KO) cell line, H9¢2 cells were
transfected with lentiCRISPRv?2 plasmid with a single guide
RNA sequence (GCGTGGCTGTGTCCGTGCGCG) using
Lipofectamine 3000. This single guide RNA sequence tar-
gets exon 4 of Slc39a7. After 72 h of transfection, positive
cells were sorted by puromycin and seeded at a 96-wells
plate to isolate single colonies. Clones were picked when
colonies were ~ 100 cells. Colonies were expanded and
screened for ZIP7 KO based on disruption of DNA sequence
and confirmed by Western blotting.

Hypoxia/reoxygenation (H/R) of H9c2 cells

To induce H/R injury, cells cultured in culture plates filled
with DMEM deficient in glucose and FBS were exposed to
hypoxia (1% O,) by placing the plate in a hypoxia cham-
ber (COY Laboratory Products) for 4 h. Then, the hypoxic
medium was replaced by the normal DMEM with 10% FBS
and cells were cultured in an incubator under normoxic con-
ditions (room air with 5% CO,) for 2 h.

Animals

Male Wistar rats (250-350 g) and male C57BL/6 mice
(8—10 weeks) were purchased from the Institute of Labora-
tory Animal Science, Chinese Academy of Medical Sciences
(Beijing, China). The source of Slc39a7 (ZIP7) cKO mice
is described in this article. All the animal treatments and
subsequent analysis were performed in a blind fashion for all
groups. All the animal experiment procedures were approved
by the Tianjin Medical University Animal Care and Use
Committee. All animal experiments described were carried
out in accordance with the NIH Guide for the Care and Use
of Laboratory Animals (Eighth Edition).

Generation of Slc39a7 (ZIP7) cKO mice

The cardiac-specific Slc39a7 conditional knockout mice
(ZIP7 cKO) were made in corporation with Nanjing Bio-
Medical Research Institute of Nanjing University (NBRI) by
adopting the CRISPR/Cas9 system. Transcript Slc39a7-201
is selected for the presentation of the recommended strategy.
Slc39a7-201 gene has 7 exons, with the ATG start codon in
exonl and TGA stop codon in exon7. Cas9 mRNA, sgRNA
and donor were co-injected into zygotes. sgRNA directs
Cas9 endonuclease cleavage in intron 2-3 and intron 6-7,
and creates a DSB (double-strand break). Such breaks were
repaired, and resulted in loxP sites inserted into intron 2—3
and intron 6-7, respectively, by homologous recombina-
tion. When mating with cre expression allele, the sequence
between two loxP sites can be deleted in specific tissues or
cells, disrupting Slc39a7 gene via frameshift mutation. The
correct integration of cre and loxP sites, and the successful
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frameshift mutation of Sic39a7 gene were confirmed by
PCR analysis with the primers listed below:

cre-forward: ATACCGGAGATCATGCAAGC.

cre-reverse: AGGTGGACCTGATCATGGAG.

loxP-forward: GTGATGCGTTCCTCCACCTC.
loxP-reverse: CGTGGTGAGAATGAGGTTCTGC.

Slc39a7-forward: GAAGCTCCATCTTTGCCTTCTG.

Slc39a7-reverse: TTAGGTGGGAGCAGTGTTAAGG.

MHC-MerCreMer induction:

Tamoxifen (Sigma, T5648) was dissolved in corn oil with
ethanol (100%) to a concentration of 10 mg/L. Tamoxifen
solution was given (75 mg/kg, i.p.) once daily for 3 consecu-
tive days.

Perfusion of isolated rat hearts

Male rats were randomly divided into different groups and
anesthetized with sodium pentobarbital (100 mg/kg i.p.).
Hearts were removed rapidly and mounted on a Langen-
dorff apparatus and were perfused through a tube connected
to a reservoir containing Krebs—Henseleit buffer. A 5-0 silk
suture was placed around the left anterior descending coro-
nary artery, and the ends of the suture were passed through
a small piece of soft vinyl tubing to form a snare. Hearts
were allowed to stabilize for at least 20 min. Hearts were
subjected to 30 min regional ischemia followed by 60 min
reperfusion.

Isolation of adult mouse cardiomyocytes

Male C57BL/6 mice (8—10 weeks) were given sodium
pentobarbital (80 mg/kg, i.p.). Hearts were removed rap-
idly and mounted on a Langendorff apparatus using a tub-
ing adapter to the aorta. Hearts were perfused in a constant
perfusion pressure (90 cm H,0) with perfusion buffer (120
NaCl, 5.4 KCl, 1.2 NaH,PO,, 5.6 Glucose, 20 NaHCO,,
1.2 MgSO,, 5 Taurine, 10 2,3-Butanedione Monoxime, in
mmol/L) [15] for 4-5 min at a flow rate 2—4 mL/min. When
there was ~ 10 mL of perfusion buffer remaining in reser-
voir, hearts were perfused with 30 mg collagense and 0.6 mg
protease. After 2 min, remaining buffer in the reservoir was
discarded. Hearts were perfused with 6.4 uL 0.25 mmol/L
CaCl, for 15-20 min. Hearts were cut into two pieces. Then,
the hearts were aspirated using a transfer pipet until they
fall apart. The supernatants containing dispersed cells were
removed into a 50 mL centrifuge tube through a cell strainer,
and centrifuge at 500 rpm for 1 min. The supernatants were
discarded, and the cell pellets were resuspended with 7 mL
of perfusion buffer (containing 5.6 pL. 0.25 mol/L CaCl, and
0.7 mL bovine calf serum, no more than 10 min). Cells were
plated in a dish (pre-coated with L-laminin) with M 199 and
placed in an incubator.

Mouse heart study

Male mice anesthetized with sodium pentobarbital (80 mg/
kg, i.p.) were intubated through a tracheotomy. After open-
ing the chest, the left anterior descending coronary artery
(LAD) was surrounded by a 7-0 prolene suture that was then
passed through a small plastic tube. Ischemia was induced
by tightening the tubing against the heart surface. All hearts
underwent 45 min of LAD occlusion followed by reper-
fusion with different time period, and the sham-operation
group was also placed with the suture under the LAD but
without occlusion.

Measurement of infarct size

Evans Blue and triphenyltetrazolium chloride (TTC) dou-
ble staining was used to determine myocardial infarct size
at the end of reperfusion. Hearts were excised and sliced.
Slices were incubated in 1% TTC at 37 °C for 20 min and
fixed with 10% formalin at room temperature. Infarct size
was measured with Image J in a single-blind mode and was
expressed as a percentage of the risk zone.

siRNA and plasmid transfection in vitro

H9c2 cells with > 80% confluent were transfected with ZIP7
siRNA (Sigma) using Lipofectamine RNAIMAX Reagent
(Invitrogen) or plasmid using Lipofectamine 3000 Reagent
(Invitrogen) according to the manufacturer’s instruction. All
experiments were done 48 h after transfection.

siRNA transfection in vivo

Male C57BL/6 mice (8—10 weeks) were injected with 1 OD
PINKI1 siRNA or ZIP7 siRNA dissolved in 200 uL saline
via the tail vein through a 29-gauge needle. Injection was
repeated at 8 and 24 h after the first injection. Experiments
were conducted 48 h after the first injection. Control mice
were injected with saline.

Western blotting analysis

Cardiac cell and tissue homogenates were prepared using
RIPA buffer containing 50 mmol/L Tris—HCI, 150 mmol/L
NaCl, 0.1% SDS, 1% TritonX-100, and 0.5% Sodium deoxy-
cholate with protease inhibitors (Solarbio, RO010). Equal
amounts of protein lysates were loaded and electrophoresed
on a SDS—polyacrylamide gel and transferred to a PVDF
membrane. Membranes were probed with primary antibod-
ies overnight at 4 °C. Each primary antibody binding was
detected with an anti-rabbit (CST, 14,708) or anti-mouse
(CST, 14,709) secondary antibody. Proteins were visual-
ized by the enhanced chemiluminescence (ECL) method.

@ Springer



54 Page 4 of 16

Basic Research in Cardiology (2021) 116:54

The ECL image was captured with Biospectrum Imaging
System (UVP, Upland, CA).

Immunofluorescence staining

After the indicated treatments, live cells or tissue sections
were pre-incubated with 200 nmol/L MitoTracker Red
CMXRos (Invitrogen M7512) for 30 min at 37 °C. Then,
samples were fixed with 4% paraformaldehyde at room tem-
perature, subsequently permeabilized in 0.1% Triton- x 100/
PBS and blocked with normal goat serum (1:10) in PBS
for 50 min at 37 °C. The samples were then incubated with
primary antibodies against PINK1 (1:100, Novus), ZIP7
(1:100, Invitrogen) and Parkin (1:100, Santa cruz) in PBS
overnight at 4 °C. After washing with PBS, the secondary
antibodies (anti-Rabbit IgG 488 or anti-Mouse [gG 488,
1:100, Invitrogen) were applied for 1-2 h at room temper-
ature. After washing with PBS, nuclei were stained with
DAPI (Beyotime). Samples were imaged with a laser scan-
ning confocal microscope (Olympus FV1200).

Measurement of mitochondrial membrane potential
(MMP) in cardiac cells

MMP was detected with JC-1 or TMRE. Cells were loaded
with JC-1 (5 mg/ml) or TMRE (0.5 pmol/L) for 20 min at
37 °C and washed twice with PBS. Fluorescence intensity of
cells was detected with confocal microscopy. The green fluo-
rescence of JC-1 monomer was imaged through a 488 nm
filter, whereas the red fluorescence of JC-1 aggregation was
excited imaged through a 559 nm filter. The ratio between
red and green florescence was considered a quantitative
index of MMP. TMRE fluorescence excited at 550 nm and
collected at 574 nm.

Measurement of MMP in isolated mitochondria

Isolated mitochondria loaded with TMRE (0.5 umol/L) were
treat with 1 umol/L TPEN. Changes of fluorescence inten-
sity was detected with a fluorescence plate reader (Molecu-
lar Probes) in a time scan mode (TMRE: ex 550 nm, em
574 nm).

Measurement of cardiac ROS

Dihydroethidium (DHE) was used to detect cardiac ROS
production in situ [16]. After in vivo experiments, cardiac
tissues were embedded in OCT and flash-frozen in liquid
nitrogen. Tissues were sectioned at 14 um thickness on a
cryostat and placed on glass slides. Samples were then incu-
bated with 5 umol/L DHE at 37 °C for 15 min and protected
from light. After washing with PBS, images were captured
using a confocal microscope (Olympus, FV1200). Image J
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was used to quantify DHE fluorescence intensity in cardiac
sections.

Measurement of mitochondrial hydrogen peroxide
(H,0,) levels in vivo

Hydrogen peroxide (H,0,) levels were measured in liv-
ing mice using the MitoB probe. MitoB can be targeted at
the mitochondrial matrix and oxidized to MitoP by mito-
chondrial H,0,. Both MitoB and MitoP are quantified by
high-performance liquid chromatography—tandem mass
spectrometer (LC-MS/MS). The ratio of MitoP/MitoB can
be used to reflect the level of mitochondrial H,O, Three
hours before undergoing ischemia/reperfusion surgery, male
C57BL/6 mice (8-10 weeks) were injected with MitoB
(0.8 umol/kg). After the operation, the heart was flash-
frozen in liquid nitrogen and stored at — 80 °C for subse-
quent extraction and quantification of MitoB and MitoP. To
extract MitoB and MitoP, the samples were homogenized in
a 2.0 mL tube in 500 uL 60% ACN/0.1% FA. The homoge-
nate was spiked with isotope IS (100 pmol of d,s-MitoB
and 50 pmol of d,5-MitoP), vortexed 30 s, and centrifuged
10 min at 16,000 g. The supernatant was transferred to a
fresh tube and the pellet extracted with a further 500 uL. 60%
ACN/0.1% FA, which was pooled with the first supernatant.
The supernatants were then centrifuged 10 min at 16,000 g,
filtered through a 0.22 um PVDF filter into a fresh tube.
Samples were dried under vacuum using a Savant Speed-
Vac 2-3 h. The dried samples were resuspended in 150 uLL
20% ACN/0.1% FA by vortexing for 5 min. Finally, the
samples were centrifuged 10 min at 16,000 g, and 120 pL
was transferred to an autosampler vial. Samples were then
analyzed by LC-MS/MS. For all experiments, a standard
curve (R*>0.99) was prepared to calculate MitoB and MitoP
concentration.

Isolation of mitochondrial fractions

Mitochondrial fractions were isolated by differential cen-
trifugation via a cell mitochondria isolation kit or a tissue
mitochondria isolation kit (Beyotime, Shanghai, China)
according to the manufacturer’s instructions. Cardiac tis-
sues collected from the ischemic zone after the onset of rep-
erfusion in mouse hearts were used for the mitochondrial
isolation.

Measurement of intracellular free Zn?*

Free Zn”>" concentrations in mouse cardiomyocytes were
detected with Zinpyr-1 (5 pmol/L, ChemCruz) according
to the manufacturer’s instructions. Fluorescence was deter-
mined with a confocal microscope.



Basic Research in Cardiology (2021) 116:54

Page50f16 54

Measurement of mitochondrial Zn?* concentrations
in cardiac tissue

Cardiac mitochondrial fractions were weighed and digested
by 1 mL 65% HNO; at 120 °C for 30 min. After cooling for
15 min at room temperature, the samples were diluted by
mineral-free water. Zn>* was quantified using ICPOES (Per-
kin Elmer, USA) at a wavelength of 206.200 nm. A multi-
element standard solution was used to set up standard curve
of Zn** concentration.

In vivo detection of mitophagy

Mice were injected with 17 ug mito QC plasmid (MRC PPU)
via the tail vein 10 h before undergoing LAD occlusion
operation. After experiments, mice were perfused with PBS
until blood runs clear and switched to 3.7% formaldehyde
in 200 mM HEPES, at pH 7.0. Rapidly, excise hearts and
postfix at 4 °C overnight. Fixed tissues were washed exten-
sively in PBS at 4 °C, before dehydration with 30% sucrose.
The hearts were embedded in OCT and flash-frozen in liquid
nitrogen. The tissues were sectioned at 8 pm thickness on
a cryostat and placed on glass slides. After washes in PBS,
sections were stained with DAPI. Images were captured
using a confocal microscope. Image J was used to quantify
the mCherry fluorescence.

Mitophagy assay with mKeima

HOc2 cells were transfected with the mKeima-Red-Mito-7
plasmid (Addgene, 56,018) for 48 h. Plasmid transfection
was performed as described previously. After treatments,
cells were washed twice with PBS and trypsinized. Trypsin
was neutralized and cells were pelleted using centrifugation
at 1000 rpm for 3 min. Cells were then washed twice in PBS,
filtered with a nylon mesh. Fluorescence was determined
with the FACSVERSE Flow Cytometer (BD Biosciences,
CA, USA). Measurements of lysosomal mKeima were
made using dual-excitation ratiometric pH measurements
at 488 nm (pH 7) and 561 nm (pH 4) lasers with 527/32 nm
and 586/42 nm emission filters, respectively. The FlowJ
software was used to assess mitophagy. In the experiments
with cardiomyocytes, the mKeima-Red-Mito-7 plasmid was
injected into mice and cardiomyocytes were isolated 10 h
after the injection. Then, lysosomal mKeima was detected
with confocal microscopy.

Human heart samples

Left ventricular and atrial tissue from patients (recipients
of heart transplant surgeries) with heart failure (HF) due to
ischemic cardiac disease (coronary heart disease) was pro-
vided by the Department of Cardiac Surgery, Tianjin First

Central Hospital, Tianjin, China. The study protocol was
approved by the Ethics Committee of Tianjin First Central
Hospital, Tianjin, China and Tianjin Medical University,
Tianjin, China. Atrial myocardium from donor hearts was
used as the non-disease control. Informed consents were
obtained from all the transplant patients and from the fam-
ily members of donors before tissue collection.

Statistical analysis

Data are presented as mean +s.e.m. Number of samples is
indicated in figure legends. Statistical analyses were con-
ducted sing SPSS17.0. Data were tested for the normality
distribution with Shapiro—Wilk test. Statistical signifi-
cance was determined using the Student’s ¢ test or one-way
ANOVA followed by Tukey’s test. P values were denoted
within each figure panel.

Results

Deficiency or overexpression of ZIP7 induces
or inhibits mitophagy under physiological
conditions

An excessive generation of ROS especially from mito-
chondria after the onset of reperfusion is a critical factor
for myocardial reperfusion injury. Selective elimination
of damaged mitochondria by mitophagy may serve as
an effective strategy to prevent excessive generation of
ROS from mitochondria [2], since damaged mitochondria
enhance production of ROS [17]. ZIP7 can alter MMP, a
critical determinant of mitophagy, by moving Zn** from
mitochondria to the cytosol [18]. Therefore we tested
the hypothesis that ZIP7 may contribute to the genesis
of reperfusion injury by controlling mitophagy. To do
this, we first determined the effect of ZIP7 knockout on
mitophagy in cardiac H9¢c2 cells and mouse hearts under
normoxic conditions. ZIP7 knockout reduced TOM?20,
citrate synthase, and P62 expression but increased LC3
IT in H9c2 cells, indicating that ZIP7 negatively regu-
lates mitophagy as well as autophagy (Fig. la and Fig.
S5). Similarly, knockdown of ZIP7 by its siRNA mark-
edly reduced TOM20 expression (Fig. 1b). In support, the
cardiac-specific knockout of ZIP7 (ZIP7 cKO) enhanced
mitophagy in mouse hearts as indicated by decreases in
TOM20, TOM22, and citrate synthase expression but an
increase in LC3 II (Fig. 1c and Fig. S5). In contrast, ZIP7
overexpression resulted in an inhibition of mitophagy as
indicated by increases in TOM20 and TOM 22 expression
but a decrease in LC3 II in mouse hearts (Fig. 1d).
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Fig.1 ZIP7 deficiency induces autophagy as well as mitophagy. a
Effect of ZIP7 knockout (KO) on P62, TOM20, and LC3II levels in
HO9c2 cells under normoxic conditions. n=8 experiments per group.
b Effect of ZIP7 siRNA on TOM20 expression in H9c2 cells under
normoxic conditions. n=8 experiments per group. ¢ Effect of ZIP7
cKO on mitophagy assessed by expressions of TOM22, TOM20,

ZIP7 is upregulated at reoxygenation or reperfusion

Because knockout of ZIP7-induced mitophagy under
normoxic conditions, it is possible that changes in ZIP7
expression at reperfusion lead to alteration of mitophagy
status. Therefore, we examined if ischemia/reperfusion
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and LC3II in mouse hearts in vivo under normoxic conditions. n=4
mice per group. d Effect of ZIP7 overexpression (OE) on TOM22,
TOM?20, and LC3II levels in mouse hearts in vivo under normoxic
conditions. EV empty vector. n=6 mice per group. Data are shown in
mean +s.e.m. P values were determined by Student’s ¢ test

(I/R) alters ZIP7 expression. Both hypoxia/reoxygenation
(H/R) (isolated mouse cardiomyocytes, Fig. 2a) and I/R
(isolated rat hearts, Fig. 2b) significantly increased ZIP7
expression. In particular, ZIP7 was not upregulated at
the end of ischemia (45 min) but was markedly increased
10 min after the onset of reperfusion in mouse hearts
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in vivo (Fig. 2c). Further experiments showed that ZIP7
mRNA expression was also upregulated 10 min after the
onset of reperfusion (Fig. 2d). These results prompted us
to hypothesis that the upregulation of ZIP7 may play a role
during reperfusion by regulating mitophagy.

Deficiency of ZIP7 enhances mitophagy
at reperfusion

To demonstrate the above-mentioned hypothesis, we exam-
ined the effects of ZIP7 cKO on mitophagy at reperfusion
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in mouse hearts in vivo. ZIP7, TOM20, and TOM22 expres-
sion was increased 10 min after the onset of reperfusion,
but this was prevented by ZIP7 cKO (Fig. 3a), indicating
that mitophagy is inhibited at the early stage of reperfusion
and upregulation of ZIP7 may account for the inhibition of
mitophagy. To confirm this observation, we next evaluated
mitophagy with mKeima, a sensitive and quantitative fluoro-
phore detecting mitophagy [19, 20], in H9c2 cells or isolated
mouse cardiomyocytes. While H/R did not alter mitophagy,
ZIP7 KO increased mitophagy either under normoxic condi-
tions or at reoxygenation (left and medium Fig. 3b). Further
experiments revealed that ZIP7 cKO led to mitophagy in
mouse cardiomyocytes (right, Fig. 3b). To corroborate the
effect of ZIP7 on mitophagy in vivo, we injected mitoQC
plasmid into mice and measured its fluorescence intensity.
MitoQC is a pH-sensitive mitochondrial fluorescence probe
and displays red and green fluorescence during steady-state
conditions, but the mCherry signal becomes stable when
mitophagy is induced, because mitochondria are delivered
to the lysosome where the GFP signal is quenched [21].
As shown in Fig. 3¢, 10 min of reperfusion preceded by
45 min of ischemia did not alter mitophagy. In contrast, ZIP7
cKO markedly enhanced mitophagy 10 min after the onset
of reperfusion not only compared to the WT group but also
compared to the cKO group at the baseline, implying that
ZIP7 is a suppressor of mitophagy at reperfusion. To further
confirm that ZIP7 cKO leads to activation of mitophagy,
we measured mitochondrial LC3II levels in mouse hearts in
the presence or absence of chloroquine. The purity of iso-
lated mitochondrial was identified with tubulin and calnexin
antibodies (Fig. 3d). Compared to WT mice, cKO increased
mitochondrial LC3II, which was further upregulated by
chloroquine, suggesting that ZIP7 cKO activates mitophagy
by enhancing the autophagic flow (Fig. 3d). Since ZIP7 is
upregulated upon reperfusion (Fig. 2¢ and Fig. 3b), it is rea-
sonable to propose that mitophagy is supposed to be sup-
pressed by upregulation of ZIP7 at reperfusion. Given that
mitophagy inhibition promotes cardiac cell death at reperfu-
sion [6, 20], inhibition of mitophagy by ZIP7 upregulation
may contributes to the genesis of reperfusion injury.

Deficiency of ZIP7 leads to Parkin recruitment
into mitochondria

Mitophagy is best known to be regulated by the PINK 1-Par-
kin pathway [22]. To test if this pathway is involved in ZIP7
suppression of mitophagy, we measured Parkin and LC3II
protein levels in mitochondria isolated from H9c2 cells.
ZIP7 KO increased mitochondrial Parkin as well as LC3II,
pointing to that ZIP7 KO induces mitophagy by recruiting
Parkin into mitochondria (Fig. 4a). Confocal imaging stud-
ies also revealed increases in mitochondrial accumulation
of Parkin and PINKI in isolated mouse cardiomyocytes

@ Springer

(Fig. 4b). The specificity of the PINK1 and Parkin antibod-
ies were validated using their siRNAs (Fig. S1). To cor-
roborate these observations, we then conducted experiments
with mitochondria isolated from mouse hearts. Similar to
the above findings, ZIP7 cKO again increased mitochon-
drial Parkin, PINK1, and LC3II expression (Fig. 4c). These
data together suggest that downregulation of ZIP7 promotes
mitophagy through the PINK1-Pakin pathway.

ZIP7 is upregulated but mitophagy
is downregulated in patients with heart failure

To confirm the above findings in the clinical situation, we
collected heart samples from patients with heart failure
(HF) due to ischemic heart disease and measured expres-
sion levels of ZIP7, LC3II, and PINK1 in mitochondria.
As shown in Fig. 4d, mitochondrial ZIP7 expression was
markedly increased in the left ventricle and left atrium of
failured hearts compared to the non-disease left atrium. In
contrast, mitochondrial LC3II and PINK1 levels were sig-
nificantly decreased by HF, indicating impaired mitophagy
due to the upregulation of ZIP7 in patients with HF. These
data are highly consistent with the above findings obtained
from mouse hearts.

ZIP7 is localized in mitochondria and deficiency
of ZIP7 depolarizes mitochondria by increasing
mitochondrial Zn?*

Early studies reported that ZIP7 is predominantly local-
ized to the Golgi apparatus and the ER [23, 24]. However,
a recent study demonstrated that ZIP7 is also localized to
mitochondria in H9c2 cells and rat cardiomyocytes [25].
This study revealed that ZIP7 is localized to mitochondria in
mouse cardiomyocytes and ZIP7 cKO increased mitochon-
drial Zn?>* (Fig. 5a, b). We also found that ZIP7 is localized
in mitochondria of mouse hearts (Fig. 5c), which was con-
firmed by the confocal imaging (Fig. 5c). Furthermore, we
demonstrated that mitochondrial ZIP7 was also increased
at reperfusion in mouse hearts (Fig. 5d). These data implies
that ZIP7 may regulate mitochondrial Zn>* levels at rep-
erfusion. In support, ZIP7 cKO not only increased mito-
chondrial zinc at baseline but also alleviated I/R-caused zinc
loss from mitochondria in mouse hearts (the upper panel,
Fig. 5e). ZIP7 cKO also reduced cytosolic zinc loss at rep-
erfusion (the lower panel, Fig. 5e). As ZIP7 increases cyto-
solic Zn** by mobilizing Zn>* from intracellular vesicles
[18], it is understandable that KO of ZIP7 will lead to an
accumulation of Zn** within mitochondria. Since Zn>* is a
cation, its accumulation in mitochondria will lead to mito-
chondrial depolarization [26], which may induce mitophagy
by promoting PINK1 stabilization on the outer membrane
of mitochondria. Instead, release of Zn** from mitochondria
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«Fig.4 ZIP7 deficiency increases mitochondrial accumulation of
PINKI1 and Parkin. a Western blotting analysis of Parkin and LC3
expression in mitochondria isolated from H9c2 cells under nor-
moxic conditions. n=3 experiments per group. b Quantitative co-
localization analysis of confocal images of mouse cardiomyocytes.
Cardiomyocytes loaded with Mitotracker Red were immunolabeled
with Parkin and PINKI1. Scale bars, 20 um. n=3 mice per group. ¢
Western blotting analysis of Parkin, PINK1 and LC3 expression in
mitochondria isolated from mouse hearts under normoxic conditions.
n=35 mice per group. d Western blotting analysis of ZIP7, PINK1
and LC3II expression in mitochondria isolated from human hearts.
ND-LA, none-disease left atrium; HF-LV, left ventricle with heart
failure; HF-LA, left atrium with heart failure. n=4 hearts per group.
Data are shown in mean +s.e.m. P values were determined by Stu-
dent’s 7 test (a—¢) or ANOVA (d)

triggered by upregulation of ZIP7 will cause mitochondrial
hyperpolarization or diminish the status of depolariza-
tion leading to the impediment of PINK1 stabilization. In
support, our study revealed that KO of ZIP7 in H9c2 cells
resulted in a marked decrease of the aggregation/mono-
mer ratio of JC-1 (left, Fig. 5f), indicating that KO leads to
reduction of MMP. Further experiments showed that cKO
of ZIP7-induced mitochondrial depolarization as indicated
by a decrease in the TMRE fluorescence intensity in mouse
cardiomyocytes (right, Fig. 5f). To confirm that the altera-
tion of mitochondrial Zn?* leads to the change of MMP,
we measured MMP with TMRE in mitochondria isolated
from mouse hearts (Fig. 5g). The Zn>* chelator TPEN was
used to downregulate mitochondrial Zn**. TPEN increased
MMP (hyperpolarization) both in WT (left) and in cKO
(right) hearts, suggesting that a decrease in mitochondrial
Zn** leads to mitochondrial hyperpolarization. Furthermore,
confocal imaging studies showed that the Zn>* level was
decreased more sharply than the change of TMRE fluores-
cence (Fig. S7), indicating that the zinc changes precede the
loss of MMP.

Deficiency of ZIP7 reduces ROS production
at reperfusion and limits infarct size

One of the most important roles of mitophagy is to prevent
oxidative stress by eliminating dysfunctional mitochondria
[2]. Accordingly, ZIP7 should regulate ROS generation at
reperfusion by controlling mitophagy. In mouse hearts, I/R
significantly increased ROS generation, as indicated by an
increase in dihydroethidium (DHE) intensity, which was pre-
vented by ZIP7 cKO (Fig. 6a), suggesting that the suppres-
sion of mitophagy due to upregulation of ZIP7 is responsible
for ROS generation at reperfusion. We next measured mito-
chondrial H,O, with MitoB in mouse hearts in vivo. MitoB
is a mitochondrial targeted spectrometric H,O, probe and
has been used to measure mitochondrial H,O, in vivo [27,
28]. Our data showed that I/R increased mitochondrial H,0O,,
as indicated by an increase in the MitoP/MitoB ratio, and

this was reversed by ZIP7 cKO (Fig. 6b). This result assures
us that downregulation of ZIP7 prevents mitochondrial ROS
production at reperfusion by enhancing mitophagy.

Because excessive ROS generation from dysfunctional
mitochondria is the main determinant of cardiac injury dur-
ing reperfusion, elimination of dysfunctional mitochondria
by mitophagy is supposed to be cardioprotective. Indeed,
inhibition of mitophagy promotes cardiac cell death at rep-
erfusion [20], whereas activation of mitophagy is required
for simvastatin-induced cardioprotection against I/R [29].
Accordingly, it is reasonable to speculate that alterations of
ZIP7 expression may play a role in myocardial I/R injury.
In agreement with our assumption, compared to the control,
ZIP7 cKO or ZIP7 siRNA significantly reduced infarct size
(Fig. 6¢). To confirm the role of the PINK—Parkin-mediated
mitophagy in the action of ZIP7, we tested if PINK1 siRNA
alters the protective effect of ZIP7 cKO. The efficacy of
PINK1 siRNA was tested by Western blotting analysis (Fig.
S2). As shown in Fig. 6¢, the anti-infarct effect of cKO was
reversed by PINK1 siRNA. These data suggest that upregu-
lation of ZIP7 contributes to I/R injury through inhibition
of mitophagy.

Discussion

We have demonstrated that KO or cKO of ZIP7 enhances
mitophagy and reduces mitochondrial ROS generation as
well as myocardial infarct size at reperfusion. Since ZIP7
is upregulated upon reperfusion, it is reasonable to pro-
pose that ZIP7 plays an essential role in the pathogenesis
of myocardial reperfusion injury by suppressing mitophagy
resulting in increase of mitochondrial ROS generation and
cardiac injury. Our study also identified that downregulation
of ZIP7 triggers mitophagy via the PINK1-Parkin pathway.
Accumulation of Zn** within mitochondria caused by down-
regulation of ZIP7 leads to mitochondrial depolarization,
which may account for the activation of the PINK—Parkin
pathway. Instead, upregulation of ZIP7 at reperfusion would
reduce mitochondrial Zn?* by promoting efflux of the ion,
leading to mitochondrial hyperpolarization followed by the
inhibition of PINKI1 stabilization.

Mitochondria are the primary source of ROS in the
heart under pathophysiological conditions [30] and mito-
chondrial ROS over-generation triggers the mitochondrial
permeability transition pore (mPTP) opening followed by
mitochondrial depolarization [31]. Subsequently, depolar-
ized mitochondria are removed by mitophagy if the intracel-
lular mitophagic machinery works properly. Instead, failure
to remove damaged or depolarized mitochondria due to
impaired mitophagy will lead to a vicious cycle of ROS-
induced ROS release resulting in cumulative oxidative dam-
age and eventually cardiac cell death [3]. Accordingly, it is
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«Fig.5 ZIP7 is localized in mitochondria and deficiency of ZIP7 leads
to mitochondrial depolarization by increasing Zn>* accumulation in
mitochondria. a Detection of ZIP7 in mitochondria in mouse car-
diomyocytes by confocal microscopy. Cardiomyocytes loaded with
Mitotracker Red were immunolabeled with ZIP7 antibody. n=3 mice
per group. Scale bars, 20 um. b Confocal images of mouse cardio-
myocytes loaded with Zinpyr-1 and Mitotracker Red. n=3 mice per
group. Scale bars, 20 um. ¢ Detection of ZIP7 in mitochondria by
Western blotting (left) and confocal microscopy (right). Mitochon-
dria were isolated from mouse hearts. Heart sections loaded with
Mitotracker Red were immunolabeled with ZIP7 antibody. Scale bars,
30 um. d Detection of ZIP7 in mitochondria by Western blotting.
Mitochondria were isolated from mouse hearts subjected to 45 min of
ischemia and 10 min of reperfusion (I/R10’). n=5 mice per group.
e Mitochondrial (upper) and the cytosolic (bottom) Zn** levels in
mouse hearts measured with ICPOES. Mouse hearts were subjected
to 45 min ischemia followed by 10 min of reperfusion (I/R10’). n=5
mice per group. f Measuments of MMP. H9c2 cells (n=4 experi-
ments per group) or mouse cardiomyocytes (n=3 mice per group)
were loaded with JC-1 or TMRE and analyzed with confocal micros-
copy. Scale bar, 30 pm. g MMP measured with a fluorescence plate
reader. Mitochondria isolated from mouse hearts were loaded with
TMRE (1 pmol/L). n=5. *P<0.05 vs. WT or cKO; **P<0.01
vs. WT or cKO; **#P<0.001 vs. WT or cKO. Data are shown in
mean+s.e.m. P values were determined by one-way ANOVA (d),
two-way ANOVA (g), or Student’s ¢ test (e)

reasonable to speculate that mitophagy is cardioprotective
against reperfusion injury. Indeed, inhibition of mitophagy
caused by cKO of Drpl led to accumulation of damaged
mitochondria and increased cell death during reperfusion
in mouse hearts [20]. In contrast, simvastatin-induced car-
dioprotection against I/R injury in mouse hearts was medi-
ated by the Parkin-dependent mitophagy [29]. In the pre-
sent study, we demonstrated that mitophagy is suppressed
(Fig. 3a) or at least, is not activated (Fig. 3b, 3c) at early
stage of reperfusion in in vivo mouse hearts, suggesting that
mitophagy is enervated in I/R hearts, which may contribute
to myocardial reperfusion injury. Similarly, a recent study
demonstrated that mitophagy is inhibited due to decreased
LC3 translocation to mitochondria in isolated rat hearts sub-
jected to I/R [32]. It has also been reported that upregulation
of MCU contributes to myocardial I/R injury by inhibiting
mitophagy [33]. In this study, ZIP7 was upregulated at rep-
erfusion and cKO of ZIP7 enhanced mitophagy. Notably, in
human hearts with HF due to ischemic heart disease, mito-
chondrial ZIP7 expression was increased but mitophagy was
suppressed. Moreover, ZIP7 cKO reduced mitochondrial
ROS generation as well as infarct size. Likewise, injection of
ZIP7 siRNA mimicked the effect of cKO by reducing infarct
size. Thus, we propose that upregulation of ZIP7 at reperfu-
sion is the culprit accounting for the inhibition or inactiva-
tion of mitophagy at reperfusion and thereby contributing to
the genesis of reperfusion injury. Accordingly, a timely and
successful heart-specific inhibition of ZIP7 upregulation or
inactivation of ZIP7 can protect the heart from reperfusion
injury by enhancing mitophagy. However, because knockout

of ZIP7 has also been reported to cause ER stress [34, 35],
development of genetic strategies or chemicals that selec-
tively inhibit mitochondrial ZIP7 in the heart is essential
for the clinical application. Given that targeting one single
mechanism to provide the mitoprotection in the setting of
I/R is ineffectual [36] and additive cardioprotective interven-
tions are suggested to produce reliable protection against
I/R injury [37], targeting the mitochondrial ZIP7 might be a
critical mitoprotective strategy working in concert with the
mitoprotective chemicals such as cyclosporine A.

The PINK1/Parkin pathway is one of the best character-
ized pathway responsible for the induction of mitophagy.
The serine/threonine kinase PINKI1 is imported into mito-
chondria, where it is degraded by matrix processing pepti-
dase and presenilin-associated rhomboid-like proteases.
However, when mitochondria are depolarized, PINK1 is
stabilized and accumulates on the outer mitochondrial mem-
brane. Then, PINK1 induces the mitochondrial recruitment
and activation of Parkin [38, 39]. Parkin activation leads
to ubiquitination of mitochondrial proteins, promoting the
interaction between ubiquitinated proteins and mitophagy
receptors/adaptors [40]. In this study, we found that mito-
chondrial PINK1 and Parkin were increased by either KO
or cKO of ZIP7, indicating that upregulation of ZIP7 at
reperfusion inhibits mitophagy by preventing PINK1 and
Parkin accumulation in mitochondria. Our study with human
hearts with HF also confirms these findings. Moreover, the
anti-infarct effect of ZIP7 cKO was also reversed by trans-
fection of PINK1 siRNA, confirming the involvement of the
PINK 1-Parkin pathway in the action of ZIP7.

As described above, PINK1 accumulation on the mito-
chondrial outer membrane is trigged by mitochondrial depo-
larization. MMP is regulated by substrate availability, res-
piratory chain activity, H" fluxes, and other ion fluxes than
protons [41]. As an important intracellular Zn** transporter,
ZIP7 controls movement of the ion into the cytosol from
intracellular vesicles [10, 18]. Our observation that ZIP7 is
localized in mitochondria and cKO of ZIP7 leads to increase
of Zn** within mitochondria implies that upregulation of
ZIP7 at reperfusion increases Zn>" transport to the cytosol
from mitochondria, resulting in a decrease in Zn* levels
within mitochondria. In support, we found that mitochon-
drial Zn?* was decreased at reperfusion, which was reversed
by ZIP7 cKO. Because Zn>" is a cation, the decrease of Zn>*
in mitochondria will hyperpolarize mitochondria, resulting
in impediment of PINK1 stabilization and accumulation on
the mitochondrial outer membrane. In addition, since Zn>*
inhibits mitochondrial respiration [42], the decrease of
Zn* in mitochondria will also lead to hyperpolarization by
increasing electron transport. Similarly, a recent study dem-
onstrated that the interaction of Drp1 with ZIP1 depolarizes
mitochondria by increasing Zn>* entry into mitochondria
[9]. Nevertheless, our study revealed no interaction between

@ Springer



54 Page 14 of 16

Basic Research in Cardiology (2021) 116:54

Fig.6 ZIP7 deficiency prevents
mitochondrial ROS genera-
tion at reperfusion and reduces
myocardial infarct size in mouse
hearts in vivo. a ROS produc-
tion at reperfusion assessed by
DHE staining of mouse heart
sections. Mouse hearts were
subjected to 45 min ischemia
followed by 10 min of reperfu-
sion (I/R10’). Control (Ctrl), no
I/R. n=4 mice per group. Scale
bars, 30 um. b Mitochondrial
ROS production at reperfu-
sion in vivo assessed by MitoB
oxidation. Mouse hearts were
subjected to 45 min ischemia
followed by 10 min of reperfu-
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ZIP7 and Drpl (Fig. S3). Moreover, other divalent metal
ions including Mg?* and Mn?* seem not to be involved in
the action of ZIP7 (Fig. S6).

In summary (Fig. 6e), we have demonstrated that upregu-
lation of ZIP7 at reperfusion contributes to the genesis of
myocardial reperfusion injury by inhibiting mitophagy at
reperfusion. ZIP7 upregulation impedes PINK1 and Parkin
accumulation in mitochondria by increasing Zn>* outflow to
the cytosol from mitochondria. Our findings obtained both
from mouse and human hearts suggest that upregulation of
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Ischemia/Reperfusion injury

ZIP7 is an essential signature of myocardial reperfusion
injury and that ZIP7 may serve as a novel therapeutic target
for myocardial reperfusion injury, and other cardiac diseases
caused by oxidative stress or dysfunction of mitochondria.
A timely downregulation of the mitochondrial ZIP7 expres-
sion or inactivation of the protein may benefit patients
with acute myocardial infarction or other cardiac diseases,
although its potential for the clinical application needs to be
demonstrated by further studies using different animal mod-
els (large animals, chronic I/R, etc.) and the validation by
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multiple laboratories [43]. Furthermore, because impairment
of mitophagy is involved in a number of various diseases
such as Parkinson’s disease, modulation of ZIP7 expres-
sion or activity by pharmacological or genetic approaches
may have broad clinical applications. However, it should be
mentioned that ZIP7 may also contribute to myocardial I/R
injury as a regulator of Zn>* traffic in ER or Golgi apparatus
or through its yet unknown effects on mitochondria.
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