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ARTICLE INFO ABSTRACT
Keywords: Rationale: Endoplasmic reticulum (ER) stress and mitochondrial dysfunction are important mechanisms of atrial
Endoplasmic reticulum stress remodeling, predisposing to the development of atrial fibrillation (AF) in type 2 diabetes mellitus (T2DM).
IP3R1-GRP75-VDACI complex However, the molecular mechanisms underlying these processes especially their interactions have not been fully
Mitochondria .

. elucidated.
Diabetes

Objective: To explore the potential role of ER stress-mitochondrial oxidative stress in atrial remodeling and AF
induction in diabetes.

Methods and results: Mouse atrial cardiomyocytes (HL-1 cells) and rats with T2DM were used as study models.
Significant ER stress was observed in the diabetic rat atria. After treatment with tunicamycin (TM), an ER stress
agonist, mass spectrometry (MS) identified several known ER stress and calmodulin proteins, including heat
shock protein family A (HSP70) member [HSPA] 5 [GRP78]) and HSPA9 (GRP75, glucose-regulated protein 75).
In situ proximity ligation assay indicated that TM led to increased protein expression of the IP3R1-GRP75-V-
DACI (inositol 1,4,5-trisphosphate receptor 1-glucose-regulated protein 75-voltage-dependent anion channel 1)
complex in HL-1 cells. Small interfering RNA silencing of GRP75 in HL-1 cells and GRP75 conditional knockout
in a mouse model led to impaired calcium transport from the ER to the mitochondria and alleviated mito-
chondrial oxidative stress and calcium overload. Moreover, GRP75 deficiency attenuated atrial remodeling and
AF progression in Myh6-Cre™/Hspa9/o*/f1°* | TM mice.

Conclusions: The IP3R1-GRP75-VDAC1 complex mediates ER stress-mitochondrial oxidative stress and plays an
important role in diabetic atrial remodeling.

Atrial fibrillation

risk of AF development [2]. For example, diabetes mellitus (DM) is an
important cause [3,4]. Our group has previously studied the roles of
oxidative stress and inflammation in atrial remodeling and AF in dia-
betic animals [5,6]. Antioxidant therapies (such as NADPH oxidase in-
hibitor [7] and thiazolidinediones [8]) have proven effective in
preventing atrial remodeling. However, the efficacy of antioxidants in
preventing and treating AF has not been effectively clinically [9]. To aid

1. Introduction

Atrial fibrillation (AF) is the most common sustained cardiac
arrhythmia of clinical significance, and its incidence is increasing
worldwide owing in part to an aging population [1]. Several risk factors
induce structural and electrical remodeling of the atria, increasing the

* Corresponding author. Tianjin Key Laboratory of Ionic-Molecular Function of Cardiovascular Disease, Department of Cardiology, Tianjin Institute of Cardiology,
Second Hospital of Tianjin Medical University, No. 23, Pingjiang Road, Hexi District, Tianjin, 300211, PR China.;
E-mail addresses: liutong@tmu.edu.cn, liutongdoc@126.com (T. Liu).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.redox.2022.102289
Received 27 January 2022; Received in revised form 6 March 2022; Accepted 13 March 2022

Available online 21 March 2022
2213-2317/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:liutong@tmu.edu.cn
mailto:liutongdoc@126.com
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2022.102289
https://doi.org/10.1016/j.redox.2022.102289
https://doi.org/10.1016/j.redox.2022.102289
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Yuan et al.

Nonstandard abbreviations and acronyms

AF Atrial fibrillation

DM Diabetes mellitus

ER Endoplasmic reticulum

ERS Endoplasmic reticulum stress

GRP75  Glucose-regulated protein 75

IP3Rs Inositol 1,4,5-trisphosphate receptors
MAM Mitochondria-associated ER membranes
MS Mass spectrometry

4-PBA  4-phenyl butyric acid

PLA in situ proximity ligation assay
T2DM  Type 2 diabetic

™ Tunicamycin

UPR Unfolded protein response
VDAC  Voltage-dependent anion channel

the identification of potential drug targets, recent research has focused
on elucidating potential mechanistic pathways, such as those related to
energy metabolism, cellular calcium handling, and electrical conduction
[10,11].

The mitochondria and endoplasmic reticulum (ER) are inter-
connected organelles and form an endomembrane network. Alterations
in ER homeostasis can cause the accumulation of unfolded or misfolded
proteins in the ER lumen, a phenomenon known as ER stress (ERS). A
wide range of cellular environments and events induce ERS, and include
high glucose, dysregulated calcium levels or redox homeostasis [12].
Currently, ERS is a central feature of metabolic diseases such as T2DM
(type 2 diabetes) at the molecular, cellular, and organismal levels [13].
Treatment with the chemical chaperone 4-phenyl butyric acid (4-PBA),
which alleviates ERS, protected canine cardiomyocytes from electrical
remodeling induced by atrial tachycardia pacing, and from subsequent
AF progression [14]. However, the precise mechanism of ER stress
causes atrial remodeling and atrial fibrillation is still unclear. An
important question remains: is ER stress involved in mitochondrial
oxidative stress and reactive oxygen species (ROS) production in the
pathophysiology of diabetes?

The contact points through which ER communicates with the mito-
chondria are referred to as mitochondria-associated ER membranes
(MAM) [15]. MAM are enriched in phospholipid and glycosphingolipid
synthesis enzymes, and in chaperone proteins, which control protein
transport and the propagation of calcium signals and other metabolites
between these two organelles to maintain cellular bioenergetics and
integrity [16,17]. Calcium can be released from the ER through the
intracellular calcium release channels inositol 1,4,5-trisphosphate re-
ceptors (IP3Rs) and via voltage-dependent anion channels (VDACs) at
the outer mitochondrial membrane (OMM), eventually transferring to
the mitochondria [18]. Earlier studies have shown that VDACI is
physically connected to IP3R1 through the MAM-associated glucose-r-
egulated protein 75 (GRP75, or heat shock protein family A [HSP70]
member 9 [HSPA9]). GRP75 directly regulates calcium transfer from the
ER to the mitochondria [17]. Calcium signaling is central to heart
function through its physiological role in excitation-contraction
coupling and the detrimental impact of calcium overload during heart
failure and ischemia/reperfusion (I/R) injury [19]. Calcium depletion in
the ER and calcium overloading in mitochondria via the MAM can lead
to increased ROS generation and ER dysfunction, triggering the opening
of the mitochondrial permeability transition pores (mPTP) and resulting
in cell death [20].

In the present study, we evaluated the effect of tunicamycin (TM)-
induced ERS on cardiac function, cardiomyocyte ultrastructure, and
mitochondrial function. Considering the central position of GRP75 at the
ER-mitochondrial interface outlined earlier, we used GRP75 as a
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starting point to examine whether calcium transfer from the ER to the
mitochondria via the IP3R1-GRP75-VDAC1 complex might play a role
in mitochondrial calcium overload and subsequent cardiomyocyte death
in a diabetic model. We provide data to show that blocking ERS with 4-
PBA and silencing GRP75 via small interfering RNA (siRNA) in HL-1
cells and in a Hspa9 conditional knockout mouse model inhibits calcium
transport from the ER to the mitochondria and antagonizes mitochon-
drial oxidative stress and calcium overload. Our findings provide new
ideas and interventional targets for preventing and treating diabetic AF.

2. Methods

The data that support the findings of this study are available from the
corresponding author upon reasonable request. Detailed methods are
available in the online-only Data Supplement. Please see the Major Re-
sources Table in the Supplemental Materials.

2.1. Mass spectrometry (MS)

Peptides were separated from the HL-1 cells after drug treatment
using reverse-phase liquid chromatography on an EASY-nLC 1000 sys-
tem and directly sprayed into a Q Exactive mass spectrometer. Full MS
spectra were scanned between 300 and 1800 m/z with a resolution of
70,000 at 200 m/z (AGC target 1e6, 50-ms maximum injection time).
MS/MS fragments were generated by higher-energy collision-induced
dissociation (HCD), and the fragmentation was performed with 27%
normalized collision energy. MS2 spectra were acquired with 17,500
resolution. The isolation window was 2 m/z. Normalized collision en-
ergy was 30 eV; underfill was 0.1%.

2.2. Proximity Ligation In Situ Assay

The Duolink II in situ proximity ligation assay (PLA) (Olink Biosci-
ence) enables evaluation of the proximity of two proteins and their
potential interaction (<40 nm) as an individual fluorescent dot under
microscopy. Cell fixation and permeabilization were performed simi-
larly to that for the immunofluorescence experiment. Subsequent
blocking, antibody hybridizations, proximity ligations, and detection
were performed according to the manufacturers’ recommendations. The
cells were imaged under an Olympus IX81 laser scanning microscope,
and signals were quantified using BlobFinder software and expressed as
the percentage of blobs per nucleus as compared with the controls.

2.3. Animal model

The investigation conformed to the Guide for the Care and Use of
Laboratory Animals by the US National Institutes of Health. The study
protocols and use of animals were approved by the Experimental Animal
Administration Committee of Tianjin Medical University.

2.4. Diabetic animals and treatment protocol

Adult male Sprague-Dawley rats aged 8 weeks (200 + 20 g) were
purchased from HuaFuKang Bioscience Co., Ltd. (Beijing, China). High-
fat diet (HFD, 60 kcal% fat, 20 kcal% carbohydrate, 20 kcal% protein)
and low-dose streptozotocin (STZ) were used to induce T2DM. After a 1-
week normal chow diet, the rats were divided into two groups: control
and HFD. The control group was fed normal chow diet and the HFD
group was fed high-fat chow (H10060, Beijing HuaFuKang Bioscience
Co., Ltd.). After 4 weeks, all animals were overnight-fasted; the HFD
group was given a single tail vein injection of STZ (30 mg/kg; Sigma-
Aldrich) dissolved in 0.1 M citrate buffer (pH 4.5), and the control
group was injected with the same dose of citrate buffer vehicle. At 72 h
following the STZ injection, the fasting blood glucose levels (FBG) were
measured in the HFD group; induction of diabetes was considered suc-
cessful if the rats had FBG >11 mmol/L, and were used in further
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experiments. The rats were then divided into three groups: control
(Con); type 2 DM (T2DM); 4-PBA (20 mg/kg/day, p.o.); all rats were
treated for 8 weeks and underwent the subsequent experiments.

2.5. Generation of Myh6-Cre" /Hspa9" /X mice

Conditional cardiomyocyte-specific Hspa9 knockout mice were
generated using the Cre/LoxP system. Hspa9ﬂ°"/ floX mice under C57BL/
6J background were purchased from Cyagen Biosciences Inc. (Guangz-
hou, China). Myh6-Cre™ mice were also purchased from Cyagen Bio-
sciences Inc., with a cardiac-specific promoter driving Cre expression
specifically in cardiomyocytes. The cardiomyocyte-specific Hspa9
knockout (Myh6-Cre*/Hspa91*/f1%%) mice were generated by crossing
female Myh6-Cre*/Hspa9®/* mice with male Hspa9o¥f1% mice,
Tamoxifen (20 mg/kg) in corn oil was administered via intraperitoneal
(i.p.) injection to 8-12-week-old male mice continuously for 5 days to
induce Cre expression. DNA was extracted from mouse tail tissue for PCR
genotyping, and protein was extracted from mouse atrial tissue for
expression analysis via western blotting. Littermate male Hspa9lo*/flox
mice were considered control mice. All mice were housed in
temperature-controlled cages with a 12-h light-dark cycle, and given
free access to water and food. To study ERS in vivo, the mice were given i.
p. injection of TM (0.5 mg/kg dissolved by dimethyl sulfoxide [DMSO]
and diluted by saline) or the equivalent volume of vehicle (saline, 0.9%
w/v, control), once a week for 2 weeks. Echocardiographic parameters
were assessed 2 weeks after injection, and the hearts were harvested for
molecular studies.

2.6. Intracardiac programmed electrical stimulation

A standard 2-lead surface ECG was recorded for 5 min before sur-
gery. The right jugular vein was isolated via a small opening of the skin
on the frontal neck region, and a 1.1-F octapolar electrophysiology
catheter was inserted and advanced to the right ventricle via the right
atrium. Arrhythmia vulnerability was assessed using a modified proto-
col: Stimulation frequency of 40-20 ms (this time is the duration of a
single stimulus), decreasing every 2 ms, S1-S1 continuous stimulation
(no interval between two single stimuli) of 5 s, which was performed 5
times with 60-s intervals (depending on the appearance or duration of
AF waveform set) at amplitude of 3 V. AF was defined as rapid, irregular
atrial response of >1 s.

2.7. Statistical analysis

All data were expressed as the mean + standard error of the mean
(SEM). Each figure legends contains detailed information on sample size
and data collection. Data were analyzed using either the two-tailed
unpaired Student t-test or the non-parametric Mann-Whitney U test to
compare means between the two experimental groups; analysis of
variance (ANOVA) followed by the Bonferroni post-hoc test was used to
compare means among multiple groups where appropriate; Chi-square
test was used to analyze frequency data. Statistical analyses were per-
formed using GraphPad Prism (Version 6; GraphPad Software, Inc., San
Diego, CA, USA). P < 0.05 was considered statistically significant.

3. Results
3.1. ERS is upregulated in diabetic rats

To examine the presence or absence of ERS activation, ERS marker
levels were examined in a T2DM rat model. A significant increase in the
levels of the ERS proteins GRP78 (HSPA5) and CHOP was observed in
the LA tissues of the T2DM group (Fig. 1A-D). Treatment with the ERS
inhibitor 4-PBA in the diabetic rats prevented these changes. Another
ERS protein, XBP1 (X-box binding protein 1), was not significantly
increased in the T2DM group or 4-PBA group (Fig. 1E and F).
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The representative echocardiographic images and hemodynamic
images from the three rat groups are shown in Online Table IIL
Compared with the control group, the T2DM group had increased LAD
(left atrial diameter), which was prevented by 4-PBA (Fig. 1G).

Hemodynamic studies showed that the +dp/dtmax was significantly
increased in the T2DM group compared to the control group, and was
partially rescued by 4-PBA (P < 0.05 vs. the T2DM group). No significant
difference in SBP, DBP, MBP, or pulse pressure was observed between
the three groups (Online Table II). Moreover, the P wave duration, PR
interval, QRS duration, and QT and QTc intervals did not differ between
the three groups (Online Table II).

The atrial electrophysiological studies (Online Table III) showed that
there was no difference in the IACT (inter-atrial conduction time) or the
AERP (atrial effective refractory period) between the three groups. A
higher percentage of induced AF was observed for the T2DM group
compared to the control (75% vs. 14.3%), and 4-PBA reduced this to
20% (Fig. 1H).

3.2. ERS mediated the IP3R1-GRP75-VDACI calcium channeling
complex in the heart

To investigate the mechanisms of AF following increased ERS, the
ERS inducer, TM, was applied to HL-1 cells. MS demonstrated many
known ERS and calmodulin proteins (Fig. 2A), including GRP78,
CaMKK2, and GRP75.

Given that the IP3R1-GRP75-VDAC1 complex directly controls
calcium transfer from the ER to the mitochondria in rat liver and HeLa
cells [17], we hypothesized that this complex plays a role in calcium
exchange between the ER and the mitochondria, thereby contributing to
AF induction. We next investigated the alterations of IP3R1/GRP75/V-
DAC1 protein levels in a rat model of type 2 diabetes. There was a sig-
nificant increase in the MAM-enriched protein levels of IP3R1, GRP75,
and VDACI in the LA tissues of the T2DM group (Online Figure IA, B).

Conventional immunofluorescence showed the colocalization of
IP3R1, GRP75, and VDAC1 in the HL-1 cells, indicating that these pro-
teins were good candidates for studying ER-mitochondria interactions
(Fig. 2B). Moreover, in situ PLA was used to detect and quantify in-
teractions between IP3R1 and VDACI, two organelle surface proteins
involved in the calcium channeling complex at the MAM.

As tethers of ~10 nm or ~25 nm adjoin the two organelles,
depending on whether the smooth and/or rough ER is implicated [21],
we hypothesized that the ER-mitochondria junction would enable
proximity ligation and subsequent detection by hybridization of Texas
Red-labeled oligonucleotide probes. Each fluorescent dot represented
the formation of one IP3R1-VDAC] interaction, allowing quantification
of in situ ER-mitochondria interactions in individual cells. Similar in
situ PLA experiments were also performed with the IP3R1-GRP75 and
GRP75-VDACI antibody pairs. Investigation of the interactions between
endogenous IP3R1-VDACI, IP3R1-GRP75, or GRP75-VDACI proteins
in fixed TM-treated HL-1 cells showed that fluorescent signals were
enhanced for all protein pairs (Fig. 2C and D). These findings confirm
the IP3R1-GRP75-VDAC1 complex in HL-1 cells, and that TM leads to
increased protein expression of the IP3R1-GRP75-VDACI complex.

3.3. GRP75 controls calcium transfer from the ER to the mitochondria

Szabadkai et al. [17] suggested that GRP75 has a central role in
establishing the protein complex with IP3R and VDAC, suggesting the
scaffolding, rather than chaperoning, function of GRP75 in the complex.
This led us to hypothesize that GRP75 would play an important role in
calcium exchange between the ER and the mitochondria. siRNA
knockdown of GRP75 downregulated GRP75 mRNA levels and protein
expression (Fig. 3A-C). GRP78 and CHOP protein expression and mRNA
levels were also detected (Online Figure IIA-D). GRP78 and CHOP pro-
tein expression and mRNA levels were substantially increased after TM
treatment compared with the control; GRP75 downregulation did not
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Fig. 1. Endoplasmic reticulum stress (ERS) is upregulated in type 2 diabetic rats and diabetic humans with atrial fibrillation (AF).

A-H, Rat model of type 2 diabetes by high-fat feeding + low-dose streptozotocin (STZ) injection with or without 4-phenyl butyric acid (4-PBA) for 8 weeks. Representative Western blot results and analysis of the protein
expression in the three groups are shown. A, Western blot detection of GRP78 protein levels. B, Quantification of GRP78 protein levels in (A). C, Western blot detection of CHOP protein levels. D, Quantification of CHOP
protein levels in (C). E, Western blot detection of XBP1 protein levels. F, Quantification of XBP1 protein levels in (E). Values are the mean + SEM. n = 6 per group. *P < 0.05, #P < 0.01, ANOVA with Bonferroni post-
test. G, Analysis results of left atrial diameter (LAD). H, Quantification of the inducibility of AF. Values are the mean + SEM. n = 7 in control group, n = 8 in T2DM group, n = 10 in 4-PBA group,. *P < 0.05, Chi-square
test with Pearson’s.
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influence ERS significantly as compared with the TM group. It is an
important insight that GRP75 knockdown does not affect the extent of
ER stress, that this mechanism is downstream of ER stress response.

Recent studies have shown that ERS is related to IP3 production and
abnormal ER calcium release, which induces large increases in cyto-
plasmic calcium and mitochondrial calcium overloading. Accordingly,
we examined cytoplasmic calcium using Fluo-4 staining. We found that
the cytoplasmic calcium fluorescence intensity of the TM group was
significantly higher than that in the control group (Fig. 3D and E).
GRP75 downregulation did not significantly influence cytoplasmic cal-
cium fluorescence intensity as compared with the TM group (Fig. 3D and
E).

As a part of the mitochondrial network is closed to ER calcium
release sites, calcium crosstalk between the ER and the mitochondria has
been implicated in cardiomyocyte injury. Here, we explored the effect of
ERS on mitochondrial calcium content. Mitochondrial calcium accu-
mulation measured by Rhod-2 AM staining showed specific mitochon-
drial staining, overlapping with the mitochondrial marker Mito Tracker
Green, and was significantly greater compared with that of the control

Fig. 2. The IP3R1-GRP75-VDACI complex plays an important role between the ER and the mitochondria in the heart.

A, HL-1 cells were cultured with tunicamycin (TM) for 24 h. Mass spectrometry identified GRP75 as a strong interacting protein. B, Conventional immunofluo-
rescence confirming the colocalization of IP3R1, GRP75, and VDAC1 in HL-1 cells. Scale bar = 5 ym. C, D, In situ proximity ligation assay (PLA) monitoring of
perturbation of ER-mitochondria interactions linked to genetic modulation of IP3R1-GRP75-VDAC1 complex proteins. Shown are representative PLA images (C) and

quantitative analysis (D) of IPBR1-GRP75, GRP75-VDACI, and IP3R1-VDAC]1 interactions in HL-1 cells cultured with control or with TM for 24 h. Scale bar = 20
pm. Values are the mean + SEM, n = 4 independent experiments, *P < 0.05, two-tailed Student’s t-test.
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group (Fig. 3F and G). By contrast, GRP75 downregulation was associ-
ated with reduced IP3R1-GRP75-VDACI interactions and mitochon-
drial calcium content as compared to the TM group. The protein
expression of VDAC1 and MCU, which are located in the OMM and inner
mitochondrial membrane (IMM), respectively, was detected. TM
increased VDAC1 and MCU protein expression (Fig. 3H-J). siRNA
downregulation of GRP75 expression led to a significant reduction in the
amplitude of TM-stimulated increase of mitochondrial calcium relative
to the TM group (Fig. 3H-J).

Together, these data suggest that inhibiting the IP3R1-GRP75-V-
DACI complex can prevent calcium transfer from the ER to the mito-
chondria during ERS and attenuate mitochondrial calcium overload.

3.4. Removing GRP75 from the ER-Mitochondria tether decreases the
interactions within the two organelles

To determine the effects of ERS induction on the heart, ultrastruc-
tural analysis of HL-1 cardiomyocytes was carried out by transmission
electron microscopy. An organized ER and uniformly sized and shaped
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Fig. 3. GRP75 plays an important role in ER-mitochondria calcium exchange.

Redox Biology 52 (2022) 102289

A, The silencing efficiency of GRP75 siRNAs; siRNAs from two companies (Santa Cruz Biotechnology [Santa] and Jima) were used for the experiment. B, Quanti-
fication of GRP75 protein levels in (A). C, Quantification of GRP75 mRNA expression. D, Representative confocal microscopy images of fluorescence staining for
Fluo-4 AM and DAPIL. Scale bar = 20 pm. E, Quantification of Fluo-4 AM fluorescence intensity in (D). F, Representative confocal microscopy images of fluorescence
staining for Rhod-2 AM and Mito Tracker Green. Scale bar = 20 pm. G, Quantification of Rhod-2 AM fluorescence intensity in (F). H, Western blot detection of
mitochondria calcium protein VDAC1 and MCU levels in atrial myocytes. Quantification of VDAC1 (I) and MCU (J) protein levels in (H). K, Ultrastructural changes in
HL-1 cells (green stars depict the mitochondria; white arrowheads depict the ER; red arrowheads depict ER-mitochondria contacts). N = Nucleus. Scale bars, top = 1
pm; middle = 2 pm; bottom = 500 nm. M, Measurements of ER-mitochondria interactions. Data are the mean + SEM, n = 4 independent experiments, *P < 0.05, #p

< 0.01, ANOVA with Bonferroni post-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

mitochondria were observed in the negative control (NC) siRNA group
(Fig. 3K). ERS induction with TM led to modification of the car-
diomyocyte ultrastructure, as reflected by the dilatation and vesicula-
tion of the ER, mitochondrial vacuolation, and mitochondrial cristae
rupture. In the GRP75 siRNA-treated TM group, only partial dilatation
and vesiculation of the ER and slight vacuolation of mitochondria were
observed.

To investigate the ER-mitochondria interaction further, we analyzed
the distance between the ER and the OMM. We found that the mean
distance between the ER and the OMM was greater in the GRP75 siRNA
group compared with the NC siRNA group. In the NC siRNA + TM group,
the distance between the ER and the OMM was reduced during ERS,
which is beneficial for calcium entry to the mitochondria through the
ER, causing mitochondrial calcium overload. The ER-mitochondria
distance at these sites was increased in the GRP75 siRNA + TM group
(Fig. 3K-M), which reduced calcium entry into the mitochondria
through the ER, thereby reducing mitochondrial calcium overload.

Together, our data indicate that the distance between the ER and the
mitochondria increases in cells lacking GRP75, decreasing calcium
transfer from the ER to the mitochondria and impairing mitochondrial
calcium uptake.

3.5. Inhibiting GRP75 decreases ROS and improves the mitochondrial
function of atrial myocytes

To elucidate the involvement of ROS in atrial ERS, we measured
intracellular and mitochondrial ROS levels in HL-1 cells upon TM
treatment using DCFH-DA and Mito Sox Red (Fig. 4A and C). TM
increased the fluorescence intensity resulting from DCFH-DA and
MitoSOX Red oxidation in the cells. GRP75 siRNA treatment decreased
ERS-induced intracellular and mitochondrial ROS levels (Fig. 4A and B
and 4C, D). The activity of Mn-SOD, a key enzyme in oxidative stress
control, was reduced by TM-induced ERS (Fig. 4E and F). These results
indicate that increased oxidative stress is observed in the HL-1 cells
subjected to ERS and that the mitochondria may play an important role
in this process.

ER calcium efflux and high levels of mitochondrial calcium accu-
mulation are associated with the effects of several apoptosis signals.
Destruction of the Aym is widely considered to be one of the earliest
events in the process of apoptosis. We detected the Aym using JC-1. If
Awym loss or collapse occurred, the ratio of red-green fluorescence was
reduced. After TM treatment, the dye remained mostly in the cytoplasm
and emitted green fluorescence (Fig. 4G and H). In contrast, the dye in
the GRP75 siRNA + TM group seemed to accumulate within the mito-
chondria and emitted red fluorescence.

As mitochondrial oxidative stress highly affects mitochondrial
function, we sought to determine whether GRP75 is involved in the
impact of mitochondrial functional capacity by TM in cardiomyocytes.
GRP75 downregulation improved the TM-induced decrease in basal
respiration (before oligomycin), maximum respiratory capacity (after
FCCP), and ATPase-driven respiration (AOCR [oxygen consumption
rate] basal-oligo) (Fig. 4I-L), suggesting that GRP75 mediates ERS-
induced mitochondrial dysfunction.

3.6. Downregulation of GRP75 protects HL-1 cells from ERS-induced
apoptosis

To examine whether ERS affects HL-1 cell survival, we performed
flow cytometry assays. HL-1 cells were treated with TM for 24 h, and
then stained with annexin V-FITC and PI and analyzed by flow cytom-
etry. Compared with the control, TM significantly increased HL-1 cell
apoptosis, and GRP75 siRNA markedly decreased TM-induced apoptosis
(Fig. 5A). We investigated the expression levels of the apoptosis-related
proteins in the cells via western blotting (Fig. 5B). ERS triggered
apoptosis in the HL-1 cells by reducing the expression of Bcl-2 and
caspase-3 while upregulating the expression of Bax and cleaved caspase-
3 at protein level. After TM treatment, the cleaved caspase-9-caspase-9
ratio was also significantly increased in the HL-1 cells (Fig. 5B-E).
Furthermore, the increased apoptosis observed after ERS was signifi-
cantly attenuated in the GRP75 siRNA group.

Together, these results indicate that disrupting ER-mitochondria
interaction via GRP75 tethering prevents ER-mitochondria calcium
transfer during ERS and attenuates mitochondrial calcium loading and
subsequent apoptosis.

3.7. GRP75 deficiency attenuates atrial remodeling and AF progression in
mice

Finally, we utilized conditional cardiac-specific Hspa9 knockout
(Myh6-Cre™/Hspa9®/f19%) mice to confirm the role of GRP75. First, we
assessed GRP75 expression in mouse heart via western blotting after
treatment with tamoxifen to decrease cardiac GRP75 protein expression
by ~80% (Fig. 6A). The representative echocardiographic, electrocar-
diographic, and hemodynamic images from the four groups are shown in
Online Table V. For echocardiography data, LAD was not significantly
different between the four experimental groups (Fig. 6C and D). Cardiac
function as evaluated via the EF (Fig. 6E) and fractional shortening
(Fig. 6F), and LV internal diameters in diastole and systole or wall
thickness, was not affected by TM-induced ERS (Online Table IV). There
was no significant difference in the SBP, DBP, MBP, and +dp/dtmax
between the four groups. The P wave duration, PR interval, and QRS
duration were not significantly different between the four groups.

Atrial electrical conduction was recorded by activation mapping. The
LA electrical conduction of the Hspa9f®*f1% group was uniform and
showed orderly spread to the surrounding tissue. However, in the
Hspa9®/floX | TM group, LA conduction was disordered, and there
were abnormal conduction positions in the wave conduction, but it was
restored in the Myh6-Cre*/Hspa9®®/1* . TM group (Fig. 7A). The
mapping images showed that LACV was significantly lower in the
Hspa91¥/f1%% | TM group than in the Hspa91*/f1°% group (0.39 + 0.11
mm/ms vs. 1.02 + 0.20 mm/ms, P < 0.001, Fig. 7B). This was partially
improved in the Myh6-Cre*/Hspa9f®/fl°* | TM group (0.65 + 0.11
mm/ms vs. 0.39 £ 0.11 mm/ms, P = 0.11), although it did not reach
statistical significance. LA conduction dispersion was higher in the
Hspa9lo/floX | TM group than in the Hspa9®®/f% group (absolute,
11.33 4 1.35 vs. 3.42 + 0.96; index, 3.98 + 0.67 vs. 1.37 + 0.64, P <
0.001, Fig. 7C and D). By contrast, the dispersion of the Myh6-Cre"/
Hspa9o/floX  TM group was reduced as compared with that of the
Hspa9o¥/1x L TM group.

The electrophysiological parameters obtained from intracardiac
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Fig. 4. Inhibiting GRP75 decreases reactive oxygen species (ROS) and improves mitochondrial function.

A, Confocal microscopy detection of HL-1 cells stained with 2’,7’-dichlorofluorescein diacetate (DCFH-DA). Scale bar = 100 pm. B, Quantification of ROS by DCFH-
DA intensity in (A). C, Confocal microscopy detection of HL-1 cells stained with Mito Sox Red. Scale bar = 100 pm. D, Quantification of mitochondrial ROS by Mito
Sox Red in (C). E, Western blot detection of antioxidant stress protein manganese superoxide dismutase (Mn-SOD) levels in atrial myocytes. F, Quantification of
protein levels in (E). G, JC-1 staining. Scale bar = 100 pm. H, Quantification of mitochondrial membrane potential (Aym) of HL-1 cells by JC-1 aggregate-monomer
ratio. Data represent the mean + SEM (n = 4 independent experiments), “P < 0.01, ANOVA with Bonferroni post-test. I, Analysis of oxygen consumption rate (OCR).
Oligomycin inhibits ATP synthase (J), FCCP uncouples oxygen consumption from ATP production (K), and AA + Retenone inhibits complexes I and III (L). Data
represent the mean + SEM (n = 6 independent experiments), *P < 0.05, *P < 0.01, ANOVA with Bonferroni post-test. . (For interpretation of the references to colour
iAn this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Inhibition of GRP75 protects atrial myocytes from ERS-induced apoptosis.

A, HL-1 cells under 24-h TM stimulation. Apoptosis was evaluated by flow cytometry using annexin-V fluorescein isothiocyanate (FITC)/propidium iodide (PI)
staining. B-E, GRP75 siRNA inhibited caspase-9 (C) and caspase-3 (D) activation and increased the Bcl-2-Bax ratio (E). Data are the mean + SEM, n = 4 independent
experiments, *P < 0.01, ANOVA with Bonferroni post-test.

programmed electrical stimulation showed no significant differences for
the sinus cycle length (SCL) and AVWCL between the four groups
(Fig. 7E). Compared to the Hspa9°/fl% group, SNRT was prolonged in
the Hspa9 /X 4 TM group; in the Myh6-Cre*/Hspadfo¥/flox | T
group, SNRT was shortened as compared with the Hspa9ﬂ°"/ flox ™
group (Fig. 7F). We also measured the AERP in the 120-ms and 100-ms
BCLs (Fig. 7G), the AERP in the Hspa9f®/fl* | TM group were signif-
icantly decreased in the 120 ms compared with the Hspa91®*/° group,
which was attenuated by conditional cardiac-specific Hspa9 knockout.
We observed significantly higher AF incidence in the Hspa91¥/floX .t TM
group than in the Hspa9™®/f°% group (63.6% vs. 9.1%, P < 0.05, Fig. 7H

and I). AF was reduced in the Myh6-Cre*/Hspa9/o*/1%* . TM group
(18.2% vs. 63.6%, P < 0.05, Fig. 71).

LA morphological changes were detected using HE and Masson’s
trichrome staining (Fig. 7J). Compared with the control group,
increased inflammatory cell infiltration and extensive interstitial fibrosis
of atrial cardiomyocytes were observed in the Hspa9/°*/fl* . TM group,
and GRP75 knockout attenuated these changes (Fig. 7K).

Our results suggest that knockout of the key gene GRP75 in the MAM
improves ERS-induced atrial remodeling and reduces AF progression.
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Fig. 6. Effect of GRP75 deficiency on echocardiography in TM-induced ERS mice.

A, Western blot assessment of GRP75 expression in mouse atria. B, Quantification of protein levels in (A). Data are the mean + SEM, n = 6 per group, *P < 0.01, two-
tailed unpaired Student’s t-test. C, Representative 2D and M-mode echocardiographic images. Shown are analysis results of LAD (D), left ventricular ejection fraction
(LVEF) (E), and fractional shortening (FS) (F). Data are the mean + SEM, n = 6 per group, ANOVA with Bonferroni post-test.

4. Discussion Pulmonary veins and other ectopic triggers are the main initiators of
AF occurrence, and atrial electrical and structural remodeling are
In the present study, we explored the interconnectivity and important mechanisms of AF maintenance. Recent studies have shown
communication between the ER and the mitochondria in the patholog- that oxidative stress plays an important role in both AF occurrence and
ical state of diabetes by establishing a diabetes model at the molecular, maintenance [22,23]. Here, we demonstrated an important role for
cellular, and system levels. Moreover, we investigated the molecular ERS-associated mitochondrial oxidative stress in cardiomyocyte
mechanisms involving the IP3R1-GRP75-VDAC1 complex and its ef- remodeling and AF progression using various pharmacological and ge-
fects on atrial remodeling, atrial cardiomyocyte apoptosis, and netic manipulations of the ERS pathway.
myocardial fibrosis. The main findings are: 1) the IP3R1-GRP75-VDAC1 The ER is a specialized organelle that coordinates the synthesis,
complex mediates ERS-MAM-mitochondrial oxidative stress in diabetic folding, and transport of at least one-third of the proteins in eukaryotic
atrial remodeling, and these changes are prevented by the ERS inhibitor, cells [12]. Disruption of ER homeostasis leads to the accumulation of
4-PBA; and 2) gene silencing or knockout of the key gene GRP75 of the unfolded or misfolded proteins and ERS, which activates the UPR, is
MAM inhibits ER-mitochondrial calcium transport, alleviates mito- activated as a compensatory pro-survival response to restore normal ER
chondrial oxidative stress, and prevents calcium overload, thereby function. Three canonical UPR signaling pathways have been charac-
preventing diabetic atrial remodeling (see Fig. 8). terized: PRKR-like ER kinase (PERK)-eukaryotic translation initiation

10
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Fig. 7. Atrial remodeling and AF progression were attenuated in Myh6-Cre*/Hspa97°*1°* 1 TM mice.

A, Epicardial electrical mapping recording of the left atria. Analysis results of left atrial conduction velocity (LACV) (B), LA absolute inhomogeneity (C), and LA
inhomogeneity index (D), B-D data are the mean + SEM, *P < 0.01, n = 6 per group, ANOVA with Bonferroni post-test. E, Analysis results of EPS parameters. SCL,
sinus cycle length; AVWCL, atrioventricular Wenckebach cycle length. F, Quantifications of sinus node recovery time (SNRT). G, Quantification of atrium effective
refractory period (AERP) at basic cycle lengths of 120 ms and 100 ms. H, Representative AF episodes induced by right atrial (RA) burst pacing. I, Quantification of AF
inducibility. E-I values are the mean + SEM. *P < 0.05; *P < 0.01; n = 11 per group, Chi-square test with Pearson’s. J, Representative images of RA HE and Masson’s
trichrome staining. Scale bar = 50 pm. K, Analysis results of interstitial fibrosis. Values are the mean + SEM. *P < 0.01; n = 6 per group, ANOVA with Bonferroni

post-test.
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factor 2o (eIF2a), inositol-requiring protein la (IRElx)-XBP1, and
activating transcription factor (ATF)6a, which are normally kept inac-
tive through the interaction with the ER resident chaperone
GRP78/BIP1 [24]. Emerging evidence suggests that the three UPR
signaling branches are not activated simultaneously; ATF6a and IREla
activation occurs immediately and is attenuated with time through un-
defined mechanisms [25,26]. PERK activation follows that of ATF6« and
IREla; prolonged UPR activation induces apoptosis, mainly through
activation of the PERK-elF2a-ATF4-CHOP pathway [25,26]. CHOP,
encoded by the gene DDIT3, induces the expression of proapoptotic
genes, such as DR5, TRB3, BIM, and PUMA, and represses the expression
of the Bcl-2 family, together with direct calcium transfer from the ER to
the mitochondria, which triggers mitochondrial apoptosis during ERS
[27]. Our results demonstrate that using TM-induced ERS led to higher
expression levels of the ERS markers GRP78 and CHOP in the car-
diomyocytes. Furthermore, TM treatment resulted in reduced cardiac
contractility and impaired intracellular calcium homeostasis. Under
resting conditions in most cells, the steady-state ER calcium is 0.1-1
mM. The ER calcium ATPase (SERCA) pumps are crucial for maintaining
ER calcium steady-state levels, coupling ATP hydrolysis with active
transport of calcium from the cytosol back into the ER lumen, and the ER
leak channels, such as the IP3Rs and the ryanodine receptors (RyRs).
Chemical insults, and physiological or pathological stimuli are triggers

that can cause a drop in ER luminal calcium, disrupting the folding
machinery of the ER. The subsequent imbalance between the ER protein
folding load and capacity will cause the accumulation of unfolded pro-
teins in the ER lumen, engaging ERS. ERS further aggravates the
depletion of calcium in the ER. In ER calcium disorder, the calcium in
the ER is not only released into the cytoplasm, but also flows into the
mitochondria through the MAM calcium channels, thereby affecting
mitochondrial function and consequently energy metabolism [28].
Here, transmission electron microscopy analysis revealed that
ERS-induced cardiac dysfunction is associated with important ultra-
structural modifications in the HL-1 cells.

Recently, several MAM-specific proteins were identified, such as
Mfn2, PACS2, and 6-1 receptor. Most of these proteins are ER proteins,
with only a few (e.g., Mfn2) belonging to the mitochondria [29-31].
Here, we report that the enhanced interplay between the ER and the
mitochondria in the atrial cells and the subsequent increased calcium
flux from the ER to the mitochondria through the IP3R1-GRP75-VDAC1
complex may play important roles in atrial remodeling. In this manner,
calcium is directly transferred from the ER lumen to the cytosol and
across the OMM final transport into the mitochondrial matrix via the
MCU [32,33]. The main physiological role of MCU-mediated mito-
chondrial calcium uptake is to balance energy supply and demand.
Under pathological conditions such as I/R injury, MCU-mediated
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mitochondrial calcium influx plays an important role in inducing mPTP
opening and cell death [34]. IP3R exists in three isoforms, and their
subcellular distribution is cell-type dependent. IP3R isoform 1 is highly
expressed in the heart, but IP3R isoform 2 is recognized as the pre-
dominant isoform in cardiac myocytes [35]. However, most of the
functions of IP3Rs are attributed to the type 1 isoform, and our results
show that GRP75 interacts with IP3R isoform 1. Likewise, the RyR,
another calcium release channel, is also present at the MAM, and is the
major calcium release channel on the sarcoplasmic reticulum (SR) in
cardiomyocytes. In fact, accumulating evidence suggests that the IP3Rs
are involved in cardiac calcium  signaling, including
excitation-contraction and excitation-transcription coupling [35-37]. In
the present study, we validated an approach based on in situ PLA and
immunocytofluorescence to detect and quantify ER-mitochondria in-
teractions, and reveal that the MAM interface is an important novel
player in regulating electrical and structural remodeling.

GRP75 modulates the lipopolysaccharide (LPS)-induced proin-
flammatory response and participates in many cellular functions such as
stress response, intracellular trafficking, regulation of cell proliferation,
and tumorigenesis [38,39]. GRP75 is a member of the HSP70 family of
proteins, with a variety of biological functions, and is regarded not only
as a molecular partner in MAM for regulating metabolism, but also in-
teracts with many proteins to participate in the protective effect of stress
reaction [40]. Following apoptosis of mouse podocytes induced by
adriamycin or angiotensin II, it was confirmed that the expression of
GRP75 was higher, the interaction between IP3R1-GRP75-VDAC1
complexes increased, mitochondrial Ca?" overload and increased
levels of cleaved caspase-3. While specific antagonists for GRP75 can
prevent mitochondrial Ca?" overload and podocyte apoptosis [41]. In
vitro, the exposure of human bronchial epithelial cells to HMGB1 can
significantly induce the expression of GRP75, enhanced
ER-Mitochondrial Ca?* transfer, ROS production and pro-inflammatory
cytokine release. While HMGB1-induced these changes were attenuated
by knockdown of GRP75 with GRP75 siRNA treatment [42]. Intrigu-
ingly, we found that GRP75 knockdown using siRNA significantly
inhibited the effects of ERS, including the increase in ER-mitochondrial
calcium transfer, and increased ROS production and apoptosis. Our re-
sults demonstrate that the association of the ER and mitochondria was
decreased in GRP75-knockout cardiomyocytes, based on the reduced
cardiomyocyte ER-mitochondrial contact length. These results suggest
that calcium crosstalk between the ER and the mitochondria in car-
diomyocytes plays an important role in atrial remodeling. In addition,
several potential limitations of this article should be noted. Firstly, the
number of experiments reported in some figures is low, we will increase
this in future experiments. Secondly, there is a lack of key negative and
positive controls in the experiments on Hspa91°/f1* mice.

5. Conclusion

The IP3R1-GRP75-VDAC1 complex mediates ERS-mitochondrial
oxidative stress, playing an important role in diabetic atrial remodeling.
Inhibiting GRP75 attenuates mitochondrial oxidative stress and calcium
overload, increases the Aym and mitochondrial oxygen consumption,
and protects cells from ERS-induced apoptosis. Knockout of GRP75 of
the MAM improves ERS-induced atrial remodeling and reduces AF
progression.
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