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ABSTRACT

Phosphorylation of the eukaryotic translation initiation factor 2
a-subunit, which subsequently upregulates activating transcrip-
tion factor 4 (ATF4), is the core event in the integrated stress
response (ISR) pathway. Previous studies indicate phosphory-
lation of eukaryotic translation initiation factor 2 a-subunit in
atrial tissue in response to atrial fibrillation (AF). This study
investigated the role of ISR pathway in experimental AF by
using a small-molecule ISR inhibitor (ISRIB). Accordingly, rats
were subjected to coronary artery occlusion to induce myocar-
dial infarction (Ml), or sham operation, and received either
trans-ISRIB (2 mg/kg/d, i.p.) or vehicle for seven days. Thereaf-
ter, animals were subjected to the AF inducibility test by trans-
esophageal rapid burst pacing followed by procurement of left
atrium (LA) for assessment of atrial fibrosis, inflammatory indi-
ces, autophagy-related proteins, ISR activation, ion channel,
and connexin 43 expression. Results showed a significant
increase in the AF vulnerability and the activation of ISR in LA
as evidenced by enhanced eukaryotic translation initiation fac-
tor 2 a-subunit phosphorylation. ISRIB treatment suppressed
upregulation of ATF4, fibrosis as indexed by determination of
a-smooth muscle actin and collagen levels, inflammatory mac-
rophage infiltration (i.e., CD68 and inducible nitric oxide

synthase/CD68-positive macrophage), and autophagy as
determined by expression of light chain 3. Further, ISRIB treat-
ment reversed the expression of relevant ion channel (i.e., the
voltage-gated sodium channel 1.5, L-type voltage-dependent
calcium channel 1.2, and voltage-activated A-type potassium
ion channel 4.3) and connexin 43 remodeling. Collectively, the
results suggest that the ISR is a key pathway in pathogenesis
of AF, post-MI, and represents a novel target for treatment of
AF.

SIGNIFICANCE STATEMENT

The activation of integrated stress response (ISR) pathway as
evidenced by enhanced eukaryotic translation initiation factor
2 a-subunit phosphorylation in left atrium plays a key role in
atrial fibrillation (AF). ISR inhibitor (ISRIB) reduces AF occur-
rence and atrial proarrhythmogenic substrate. The beneficial
action of ISRIB may be mediated by suppressing ISR path-
way-related cardiac fibrosis, inflammatory macrophage infil-
tration, autophagy, and restoring the expression of ion
channel and connexin 43. This study suggests a key dysfunc-
tional role for ISR in pathogenesis of AF with implications for
novel treatment.

Introduction

Atrial fibrillation (AF) is the most common sustained arrhyth-
mia in clinical practice, and associated with stroke, congestive
heart failure, and mortality (Guo et al., 2015; Lippi et al., 2020).
With the aging of the population, AF has become a remarkable
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public health problem (Krijthe et al., 2013) associated with high
costs of medical care of affected individuals (Stewart et al.,
2002). Nowadays, available therapies for AF include antiar-
rhythmic drug, catheter ablation, and surgical ablation, each
with limitations like adverse effects, inconsistent efficacy, and
high recurrence rates (Heijman et al., 2016). Recent studies iden-
tified new pathophysiological mechanisms of AF, including car-
diac fibrosis (Nattel, 2017), oxidative stress (Antonopoulos et al.,
2019), apoptosis, autophagy (Chen et al., 2011; Wiersma et al.,
2017), inflammation (Zhou and Dudley, 2020), atrial ion-channel
dysfunction, Ca®'-handling abnormalities, autonomic neural
dysregulation, and atrial remodeling (Andrade et al., 2014).

ABBREVIATIONS: AF, atrial fibrillation; ATF4, activating transcription factor 4; Cav1.2, L-type voltage-dependent calcium channel 1.2; CD68,
Cluster of differentiation (CD)68; Cx43, connexin 43; EF, ejection fraction; elF2a, eukaryotic translation initiation factor 2 a-subunit, FS; frac-
tional shortening; iINOS, inducible isoform of nitric oxide synthase; ISR, integrated stress response; ISRIB, integrated stress response inhibitor;
Kv4.3, voltage-activated A-type potassium ion channel 4.3; LA, left atrium; LAD, left anterior descending; LC3, light chain 3; LVIDs, internal
diameter of left ventricular at end-systole; MI, myocardial infarction; Nav1.5, voltage-gated sodium channel 1.5; p-elF2«, phosphorylated
elF2q; PR interval, the time from the onset of the P wave to the start of the QRS complex; a-SMA, « smooth muscle actin.
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AF mechanism might be associated with the integrated
stress response (ISR), which is always activated in chronic
and persistent stress (Pakos-Zebrucka et al., 2016; Santos-
Ribeiro et al., 2018). The ISR pathway is upregulated in atria
of AF animal models indicated by enhanced phosphorylation
of eukaryotic translation initiation factor 2« (eIF2«) and subse-
quently upregulation of activating transcription factor 4
(ATF4) (Pakos-Zebrucka et al., 2016). Previous studies have
demonstrated elF2« phosphorylation and ATF4 upregulation
in the atria of experimental and human AF (Meyer-Roxlau et
al., 2017; Wiersma et al., 2017; Freundt et al., 2018). ISR is
also involved in atrial inflammation during chronic and persis-
tent stress because it triggers artery inflammasome, interleu-
kin-1f secretion, and atherosclerosis (Onat et al., 2019).

A novel small-molecule ISR inhibitor (ISRIB) suppresses
elF2u cascade (Zyryanova et al., 2018; Kenner et al., 2019)
and provides beneficial effects in neurodegenerative diseases
(Sekine et al., 2015; Rabouw et al., 2019), atherosclerosis
(Onat et al., 2019), and cancer (Mahameed et al.,, 2020).
Rabouw et al. (2019) has demonstrated that ISRIB can miti-
gate undesirable outcomes of low-level ISR activation that
may manifest neurologic disease but leaves the cytoprotective
effects of acute ISR activation intact. Therefore, we hypothe-
size that ISRIB may inhibit atrial fibrosis, inflammation,
autophagy, dysfunction of ion channel, and AF susceptibility,
because chronic stress plays important role of in atrial remod-
eling and AF (Zhang et al., 2014; Wiersma et al., 2017).

Methods

Animals and Drugs. This study used 60 male rats
(Sprague-Dawley, weight 200—250 g). All experimental proce-
dures and protocols used in this study were approved by Ani-
mal Care and Use Ethics Committee of Yijishan Hospital
(20180022) and performed in accordance with Guideline for
the Care and Use of Laboratory Animals of the National Insti-
tutes of Health’s guideline principles. To achieve myocardial
infarction (MI), 30 rats underwent left anterior descending
(LAD) ligation, and the other 30 performed a sham operation
without artery occlusion (Wu et al., 2020). After 24 hours,
both MI and sham control animals were randomly divided
into subgroups that received trans-ISRIB (Sigma, SML0843,
2mg/kg/d in 0.5 ml saline, i.p.) or vehicle (0.5 ml saline, i.p.)
for seven days. The dosage selection of trans-ISRIB was based
on our pretest (Supplemental Material) and previous reports
with minor modifications (Barragan-Iglesias et al., 2019; Onat
et al., 2019). The high dose of ISRIB (5 mg/kg) led to reduced
animal activity and body weight loss (Supplemental Fig. 4),
whereas low dose of ISRIB (0.25 mg/kg/d) did not inhibit myo-
cardial inflammation (Supplemental Fig. 3, A and B) (Bar-
ragan-Iglesias et al., 2019; Onat et al., 2019). Thus, we used 2
mg/kg/d of ISRIB for our studies. Seven days after administra-
tion of ISRIB or vehicle, all rats underwent echocardiographic
and electrocardiographic studies.

Myocardial Infarction. MI was induced by coronary
artery ligation at the site of the LAD as we have previously
described (Wang et al., 2011, 2017; Zhu et al., 2015; Wu et al.,
2020). The success of the MI protocol was judged by the ST-
segment elevation on ECG (RM6240, Chengdu, China) and
pallor transition in heart immediately after ligation. Rats in
sham groups underwent the same procedures without LAD
occlusion (Wu et al., 2020).

Ultrasound Cardiogram. Seven days after MI, cardiac
function was assessed blindly by a skilled echocardiologist
(Zhu et al., 2015) using an HP SONOS 5500 (Philips Medical
System, Ultrasound Inc.), which was equipped with a 21 MHz
ultrasound transducer. Parasternal long-axis and short-axis
views were acquired to measure the internal diameters of the
left ventricles at end-diastole and end-systole (LLVIDs). The
gjection fraction (EF) and the fractional shortening (FS) were
calculated (Wang et al., 2011).

ECG and AF Inducibility. The ECG trace was continu-
ously recorded by a biologic signal recording and analysis
system (RM6240, Chengdu, China) which filtered out the
signals below 10 Hz and above 100 Hz. The basic ECG
was recorded consciously for 10 minutes for calculating
ECG parameters such as P wave, QRS complex, PR inter-
val (the time from the onset of the P wave to the start of
the QRS complex), and QT intervals (the time from the
beginning of the QRS complex to the end of the T wave)
(Wang et al., 2011; Wu et al., 2020). The AF inducibility
was performed by the transesophageal burst rapid pacing
with a stimulating amplitude of 2-fold atrial capture
threshold. Four consecutive bursts of rapid electrical
stimulation for 30s (20, 30, 40, and 50 Hz) were applied to
induce AF with 3-minute pause (Cheng et al., 2019). AF
was defined as an abnormal ECG showing rapid and frag-
mented P wave with absolute irregular RR intervals (the
time elapsed between two successive R-waves of the QRS
signal on the electrocardiogram) for at least 2 seconds
(Cheng et al., 2019). The inducibility of AF was deter-
mined by the percentage of animals with induced AF. The
duration of the longest episodes of AF was taken as induc-
ible AF duration (Hohl et al., 2017).

Masson Staining. Six left atrial (LA) tissue samples
were dissected from every group and fixed in 4% parafor-
maldehyde, embedded in paraffin, and cut into sections (5
um thick). Sections of LA were stained by Masson’s stain-
ing to detect collagen as previously reported (Wang et al.,
2016). The level of cardiac fibrosis was determined by the
percentage of the fibrosis area to the total area (% cardiac
fibrosis) using the Imaged software (Media Cybernetics,
Inc.) (Wu et al., 2020).

Immunohistochemistry and Immunofluorescence
Labeling. Paraffin-embedded tissue sections of LA were
processed and incubated with different primary antibodies
(Supplemental Table 1) at 4°C overnight (Wang et al., 2011).
For immunohistochemistry, six sections from every group
were stained with the Envision system (Dako) and counter-
stained with hematoxylin. For immunofluorescence, second-
ary antibodies conjugated with fluorescein (Fluorescein
isothiocyanate/CY3) were incubated for 1 hour at room tem-
perature. Then, 4,6-diamino-2-phenylindole was used to
counterstain nuclei for further evaluation. The negative con-
trol staining was performed using the same protocol without
adding any primary antibody. Images were recorded using a
microscope (Nikon Eclipse C1, Tokyo, Japan) and quantified
using the ImagedJ software through calculating as the per-
centage of positively stained area to total area at high magni-
fication (x400). For quantification of CD68" macrophages,
the number of cells was counted in high magnification fields.

Western Blot. Protein expression was assayed using West-
ern blot as described previously (Wang et al., 2019). In brief,
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TABLE 1
Echocardiographic data of experimental groups
Sham + Vehicle Sham + ISRIB MI + Vehicle MI + ISRIB
n=11 n =12 n=11 n=12

LVIDd (cm) 0.615 + 0.037 0.609 + 0.044 0.716 + 0.053 0.648 = 0.052
LVIDs (cm) 0.290 + 0.025 0.298 =+ 0.028 0.478 + 0.043* 0.336 + 0.032*
LVPWd (cm) 0.199 + 0.011 0.181 + 0.012 0.185 + 0.014 0.192 + 0.015
EDV (ml) 0.523 + 0.108 0.561 + 0.118 0.848 + 0.156 0.658 + 0.122
ESV (ml) 0.435 + 0.098 0.457 + 0.108 0.581 + 0.132 0.524 = 0.144
EF (%) 87.138 + 3.821 85.805 + 4.11 48.659 + 2.38** 67.326 + 3477
FS (%) 53.443 + 2.867 52.672 + 2.958 25.675 + 2.308** 38.647 + 2.903™"

LVIDd, left ventricular internal diameter at end-diastole; LVPWd, left ventricular posterior wall thickness at end-diastole; EDV, end-diastolic volume; ESV, end-sys-
tolic volume; LVPWs, left ventricular posterior wall thickness at end-systole; All data are shown as mean + S.E.M. Multiple groups were assessed using one-way

ANOVA followed by the post hoc Newman-Keuls multiple comparison test.

*P < 0.05, **P < 0.01 versus Sham group; *P < 0.05, **P < 0.01 versus MI group.

six LA tissues from each group were processed, and protein
concentrations measured by the bicinchoninic acid assay.
Equal amounts of proteins (50 pg) were separated using 5%
SDS-PAGE and transferred onto a polyvinylidene fluoride
membrane. The membrane was then blocked with 5% nonfat
dry milk in blocking buffer (10 mM Tris-HCI, 150 mM NaCl,
and 0.2% Tween-20, pH 7.6) for 2 hours at 37°C and incubated
with primary antibodies (seen in Supplemental Table 1) at
certain dilutions at 4°C overnight. The antibody binding was
detected using a horseradish peroxidase—conjugated secondary
antibody (1:2000; Sigma) and visualized using an enhanced
chemiluminescence kit for quantification for blots image (a
Quantity-One software, Bio-Rad).
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Statistical Analysis. Values were expressed as means +
S.E.M. Significant differences between means were deter-
mined using the one-way ANOVA coupled with the Bonfer-
roni post hoc test for multiple comparisons. The Mann-
Whitney U test was used to test the difference of AF duration
between the two MI groups. The »2 test was used to compare
the inducibility of AF. A value of P < 0.05 was considered sig-
nificant difference.

Results

ISRIB Improves Cardiac Function in Post-MI Rats.
Within the first 24 hours, 2 rats and 4 rats died in sham and
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Fig. 1. Effects of ISRIB on AF inducibility and duration post-MI. (A) Representative images of ECG (lead II) with sinus rhythm and AF by a
burst of rapid pacing. (B) Inducibility of AF. (C) Durations of induced AF. Data are shown as means + S.E.M. The ;? test was used to compare
the inducibility of atrial fibrillation. The Mann-Whitney U test was used to test the difference of AF duration between the two MI groups. *P <

0.05 versus sham group; *P < 0.05 versus MI group.
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TABLE 2

Characterization of the surface ECG

Sham + Vehicle Sham + ISRIB MI + Vehicle MI + ISRIB
n=11 n=12 n=11 n =12

Heart rate (bpm) 425.3 £ 6.9 418.6 + 6.7 4453 + 7.8 438.6 + 6.5
P (ms) 21.62 + 0.67 23.45 + 0.85 35.44 + 0.78** 26.02 + 0.927"#*
PR (ms) 46.45 + 1.23 48.38 + 1.16 53.77 + 1.82%* 46.73 + 1.32"*
QRS (ms) 22.65 + 0.43 23.65 + 0.61 38.73 + 0.68** 26.69 + 0.717"#*
QT (ms) 51.98 + 1.89 54.42 + 1.79 64.55 + 1.18** 53.61 + 1.57"*

All data are shown as mean + S.E.M. Significant differences between means were determined using one-way ANOVA with the Bonferroni post hoc test for multiple

comparisons. bpm, beats-per-minute; ms, microsecond.

*P < 0.05, **P < 0.01 versus Sham group; *P < 0.05, *P < 0.01 versus MI group.

MI group, respectively (13.3% versus 26.7%, P = 0.3894). From
the second day, remaining rats received ISRIB or vehicle injec-
tion. On the second and third days, 2 rats died in MI group and
one rat died in each of the other three groups (Supplemental
Fig. 1). No significant differences in animal survival rate were
noted between sham and MI groups with or without ISRIB
intervention (P = 0.8571). On the seventh day, two rats in the
sham group and one rat in the sham + ISRIB group died while
under anesthesia and, thus, did not complete ultrasound cardio-
gram and ECG assessment (Supplemental Fig. 1). To assess
whether ISRIB administration affects cardiac function post-MI,
we investigated the echocardiographic parameters after ISRIB
treatment in post-MI rats (Table 1). As shown in Table 1, rats
in the MI group exhibited significantly reduced EF (%) and FS
(%), expanded cardiac systolic volume, and LVIDs compared
with sham group. ISRIB treatment significantly ameliorated
the decline of EF, FS, and ventricular enlargement in MI rats,
but the treatment did not affect the aforementioned parameters
in sham-operated animals.

Sham

Sham

Sham+ISRIB

50pm

Sham+ISRIB

ISRIB Inhibits AF Inducibility in Post-MI Rats. To
determine whether ISRIB may be beneficial in AF, we tested
the AF inducibility and ECG parameters in post-MI rats. Fig-
ure 1A shows that atrial burst rapid pacing could induce AF.
Compared with the sham group, the MI group exhibited signif-
icant vulnerability to AF (81.82% versus 0%, P < 0.05). ISRIB
significantly reduced the AF inducibility in MI rats (33.3% ver-
sus 81.82%, P < 0.05) (Fig. 1B). The longest AF duration was
not different between the two MI groups (Fig. 1C). We also
observed increases in P wave duration, QRS wave complexes,
PR interval, and QT interval compared with the sham group
(P < 0.01). ISRIB significantly reduced these changes in MI
rats (P < 0.01, Table 2).

ISRIB Prevents Atrial Fibrosis in the LA in Post-MI
Rats. Figure 2A shows representative illustrations for atrial
fibrosis. ISRIB treatment significantly reduced fibrotic areas of
the LA in MI rats but not in normal rats (Fig. 2D). As shown in
Fig. 2B, the expression levels of the a-smooth muscle actin
(2-SMA, a marker for the proliferation of myofibroblasts) in MI
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Fig. 2. Effects of ISRIB on the interstitial fibrosis of the LA post-MI. (A-C) Representative images of left atrial tissues at 7 days post-MI sub-
jected to the Masson trichrome staining, «-SMA, or collagen I immunohistochemistry. (D-F) Quantitative analysis of fibrosis, x-SMA, and type I
collagen volume fraction. Data are shown as means + S.E.M. Differences between means were determined by one-way ANOVA with the Bonfer-
roni post hoc test for multiple comparisons. *P < 0.05, **P < 0.01 versus sham group; *P < 0.05, **P < 0.01 versus MI group.
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Fig. 3. Effects of ISRIB on the atrial expression of elF2: and ATF4 post-MI. (A) Representative fluorescent immunostaining images of ATF4 in
the left atria at seven days after MI (Scale bar = 50 pm). (B) Quantitative assessment of ATF4-positive nuclei in the left atria. (C) Representative
Western blot images of total eIF2ax, p-eIF2«, and ATF4 in atria. (D) Quantitative analysis of the expression of phosphorylated eIF2u relative to
total elF2q. (E) Quantitative analysis of the expression of ATF4 relative to GAPDH. Data are shown as means + S.E.M. Significant differences
between means were determined by one-way ANOVA with the Bonferroni post hoc test for multiple comparisons. *P < 0.05, **P < 0.01 versus

sham group; *P < 0.05, **P < 0.01 versus MI group.

rats were significantly higher than those in normal rats. ISRIB
significantly ameliorated the «-SMA expression in LA from the
MI group, but not from the normal group (Fig. 2E). As shown
in Fig. 3C, a remarkable deposition of collagen I in the LA of
the MI group was observed compared with that of the sham
group. ISRIB treatment significantly reduced collagen I produc-
tions in MI rats but not in normal rats (Fig. 2F). These results
indicated that ISR had a role in atrial fibrosis by promoting
myofibroblast transition and collagen deposition after MI.
ISRIB Restores ATF4 Expression without Affecting
Phosphorylated eIF2« in the LA in Post-MI Rats. ISR
activation leads to global reduction in protein synthesis but pref-
erentially enhances translation of some mRNAs such as ATF4.
Using fluorescent immunostaining, we found that the level of
ATF4 remarkably increased in LA from MI group compared
with sham group (Fig. 3, A and B). ISRIB treatment signifi-
cantly reversed ATF4 level in post-MI rats (Fig. 3, A and B).
Western blot further confirmed that ISRIB treatment signifi-
cantly inhibited the ATF4 protein expression in the LA from MI
rats but not from normal rats (Fig. 3, C and E). The key regula-
tion step in the ISR is the phosphorylation of elF2x. We found
that ISRIB treatment did not alter the expression levels of
elF2u and phosphorylated elF2o (p-eIF2x) in both sham and MI
rats (Fig. 3, C and D). These results indicate that ISRIB restores
ATF4 protein expression in the nuclei of myocytes from LA
through suppressing the downstream of the elFF2x pathway.
ISRIB Regulates Atrial Macrophage Infiltration in
Post-MI Rats. Previous studies have reported inflammatory
response and macrophage infiltration in atrial tissue including

M1 (iNOS*/CD68") and M2 subtypes (CD163"/CD68") (Sun
et al., 2016; Liu et al., 2019). As shown in Fig. 4, A and C, a
remarkable increase of total CD68+ macrophages was
observed in LA from MI rats, which could be reduced by ISRIB
treatment. Moreover, the distributions of iNOS-positive and
CD163-positive immunofluorescence signals are not limited to
macrophages and increase significantly in atrial tissue from
MI rats (Fig. 4, A and B). ISRIB treatment reduced iNOS*/
CD68* cells (Fig. 4D) without changing CD163"/CD68™ cells
(Fig. 4E). These results indicate that ISR may play an impor-
tant role in macrophages infiltration into atrial tissue from
post-MI rats.

ISRIB Modulates the Expression of Autophagy-
Related Protein in the LA in Post-MI Rats. We also
determined the expression of autophagy markers, LC3, which
is activated and incorporated into autophagosomes (Wiersma
et al., 2017; Yuan et al., 2018). Using fluorescent immuno-
staining, we found a significant increase in the expression of
the autophagy marker LC3 in LA in MI rats, which was
completely reversed by ISRIB (Fig. 5, A and C). Western blot
analysis also confirmed an increase of LC3-II and LC3-II/LLC3-
I ratio in LA, and ISRIB treatment significantly reduced the
upregulation of LC3 in MI rats (Fig. 5, B and D). These results
suggest a biological contribution of ISR to endoplasmic reticu-
lum stress and autophagy.

ISRIB Stabilizes the Connexin 43 Expression in the
LA in Post-MI Rats. To determine whether the reduction in
ISR activation affects the Cx43 expression and distribution in
atria, we tested the Cx43 level wusing fluorescent
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Fig. 4. Effects of ISRIB on the atrial inflammation post-MI. (A and B) Representative fluorescent immunostaining images of inflammatory cell
infiltration in the left atria at seven days after MI (Scale bar = 50 um). (C-E) Quantitative assessment of CD68, iNOS, or CD163 and CD68-posi-
tive (CD68",iNOS*/CD68", and CD1637/CD68") area of cells. Data are shown as means + S.E.M. Significant differences between means were
determined by one-way ANOVA with the Bonferroni post hoc test for multiple comparisons. *P < 0.05, **P < 0.01 versus sham group; *P < 0.05,

#p < 0.01 versus MI group.

immunostaining. The Cx43 was distributed in the intercalated
disk (end of myocardial cell) in the sham-operated group but
redistributed to the lateral cell membrane in the MI group
(Supplemental Fig. 2, A and B). As shown in Fig. 6A, Cx43
immunostaining was markedly reduced in LA in MI rats.
Accordingly, the relative value of the Cx43-positive area
decreased significantly in the MI group, which was reversed
by ISRIB treatment (Fig. 6B). These results suggest that the
ISR activation may be associated with the gap junction
remodeling.

ISRIB Keeps Ion Channel Expression in the LA in
Post-MI Rat. The abnormal ion channel is closely related to
the action potentials of atrial myocytes, which facilitate atrial
re-entry via the atrial heterogeneous conduction and focal trig-
ger activity (Nattel et al., 2007). The protein expression of

some ion channel-related proteins [such as Nav1.5, L-type cal-
cium channel olc (Cavl.2), and Kv4.3], which are involved in
AF, were assessed to learn the role of ISR in the generation of
AF (Nattel et al., 2007). We found significant reduction in pro-
tein expression for Nav1.5 (Fig. 7, A and B), Cavl.2 (Fig. 7, A
and C), and Kv4.3 (Fig. 7, A and C) in LA in MI rats (Fig. 7).
Moreover, ISRIB treatment significantly restored the protein
expression levels of all three ion channels (Fig. 7). These
results support the notion that ISR results in the downregula-
tion of the protein expression of the above ion channels in LA.

Discussion

This study demonstrates that ISR activation in the LA is
associated with post-MI AF. We have also observed that MI
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Fig. 5. Effects of ISRIB on the atrial expression of autophagy-related protein post-MI. (A) Representative fluorescent immunostaining images of
autophagy-related protein LC3 (green) in the left atria at seven days after MI (Scale bar = 50 wm). (B) Representative Western blot images of the
autophagy-related protein LC3 in the left atria. (C and D) Quantitative analysis of the expression of LC3-II relative to GAPDH and the ratio of
LC3-II to LC3-1. Data are shown as means + S.E.M. Significant differences between means were determined by one-way ANOVA with the Bonfer-
roni post hoc test for multiple comparisons. *P < 0.05, **P < 0.01 versus sham group; *P < 0.05, **P < 0.01 versus MI group.

promoted atrial fibrosis, inflammation, autophagy, and down-
regulated protein expression level of Cx43 and ion-channel
subunits including Nav1.5, Cavl.2, and Kv4.3. A small-mole-
cule ISR inhibitor called ISRIB (trans-ISRIB) ameliorated left
ventricular dysfunction and AF inducibility accompanied with
reduced atrial inflammation, fibrosis, and autophagy, as well
as reversal of protein expression of ion channels and Cx43 in
the LA post-MI.

We observed that ISRIB restored aberrant high ATF4 pro-
tein expression in the LA from MI rats without changing total
elF2x and p-eIF2x. As the core event in the ISR pathway, the
phosphorylation of eIF2x leads to the upregulation of ATF4
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Fig. 6. Effects of ISRIB on atrial expression of Cx43 post-MI. (A) Rep-
resentative fluorescent immunostaining images of Cx43 (green) in the
left atria at 7 days after MI (Scale bar = 100 wm). (B) Quantitative
assessment of Cx43 expression in the left atria. Data are shown as
means = S.E.M. Significant differences between means were deter-
mined by one-way ANOVA with Bonferroni post hoc test for multiple
comparisons. *P < 0.05, **P < 0.01 versus sham group; *P < 0.05,
#P < 0.01 versus MI group.

MI+ISRIB

and the prohibition of global protein synthesis (Pakos-
Zebrucka et al., 2016). ISRIB enhances long-term memory and
ameliorates neurodegenerative diseases (Sekine et al., 2015;
Sidrauski et al., 2015; Chou et al., 2017; Tsai et al., 2018). It
mitigates low-level ISR activation and keeps acute ISR activa-
tion intact, which is helpful for neurologic diseases (Rabouw et
al., 2019). Thus, ISRIB may protect against chronic ISR-
related diseases such as atherosclerosis (Onat et al., 2019) and
type 2 diabetes mellitus (Pandey et al., 2019). Recent studies
indicate the involvement of endoplasmic reticulum stress,
which appeared as upregulation of eIF20 and ATF4, in atria
of experimental and human AF (Wiersma et al., 2017; Freundt
et al., 2018). Therefore, ISRIB may inhibit AF by suppressing
ISR in atria. Indeed, the present study showed that ISRIB sig-
nificantly reduced the AF inducibility to rapid atrial stimula-
tion. We deduce that ISR may be involved in the atrial
proarrhythmic substrates of AF in post-MI rats.

The atrial fibrosis is associated with low-conduction velocity
and long activation time (Krul et al., 2015). Suppression of
atrial fibrosis prevents AF through upstream therapy, includ-
ing renin—angiotensin—aldosterone system, inflammatory
mediators, and other signaling targets (Li et al., 2001; Nattel
et al., 2020). Under stress conditions, the transforming growth
factor 1 promotes fibroblasts to proliferate and differentiate
into profibrotic collagen-secreting myofibroblasts, leading to
atrial collagen deposition, extracellular matrix remodeling,
and fibrosis (Nattel et al., 2020). In the present study, we
observed that the ISRIB reduced more than 50% of the fibrotic
areas and inhibited the collagen type I deposition and «-SMA
expression in the LA from MI rats, thereby suggesting that
ISR is involved in atrial fibrosis.

The atrial inflammation mediates electrical and structural
remodeling and modulates calcium homeostasis and gap
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Fig. 7. Effects of ISRIB on atrial expression of the ion channel protein post-MI. (A) Representative Western blot images of ion channel protein in
the left atria at seven days after MI. (B-D) Quantitative analysis of the expression levels of Nav1.5, Cav 1.2, and Kv4.3 relative to GAPDH. Data
are shown as means + S.E.M. Significant differences between means were determined by one-way ANOVA with Bonferroni post hoc test for multi-
ple comparisons. *P < 0.05, **P < 0.01 versus sham group; *P < 0.05, *P < 0.01 versus MI group.

junction (Hu et al., 2015; Packer, 2020). Patients with AF
have an increased immune cell infiltration in the atria, such
as CD45" lymphocytes, CD68" macrophages (Chen et al.,
2008), CD163" macrophages (Watson et al., 2020), and proin-
flammatory cytokines (Zhou and Dudley, 2020). The suppres-
sion of atrial inflammation has antiarrhythmic effects against
AF in the early phase of MI (Deftereos et al., 2012; Lakin et
al., 2019; Liu et al., 2019; Zhou and Dudley, 2020). In this
study, ISRIB reduces total CD68" macrophage infiltration in
LA, suggesting involvement of ISR in atrial inflammation. We
also observed that some infiltrated CD68* macrophages in LA
from MI rats were iNOS-positive, but CD163-negative. ISRIB
treatment reduced the level of iNOS but not CD163 in atria.
CD163-positive macrophages, which have been known as a
marker of M2 subtype (Liu et al., 2019), also have potential
profibrotic role in atrium from AF (Watson et al., 2020). Thus,
the ISR plays an important role in regulating atrial proinflam-
matory response. Further study is needed to clarify the
detailed mechanism of ISR in atrial inflammation and the
occurrence of AF.

Previous studies have showed that the autophagy-related
protein LC3 increased in the left atrium of human chronic AF
(Shingu et al., 2020) and AF animals (Wiersma et al., 2017;
Yuan et al., 2018). Our results showed that MI promoted LC3
expression in LA, which was partly reversed by ISRIB treat-
ment. Autophagy may be an important mechanism of AF
(Kroemer et al., 2010), because previous studies have con-
firmed that autophagy could induce atrial electrical remodel-
ing, including L-type Ca®’-current reduction and selective
degradation of Cavl.2 (Wiersma et al., 2017; Yuan et al.,
2018). Autophagy also leads to elF2x phosphorylation and
ATF4 upregulation in experimental and human AF (Wiersma
et al., 2017). Thus, ISR activation might be associated with
autophagy and play an important role of AF post-MI.

Several ion channels and gap junctions are involved in elec-
trical remodeling promoting AF (Nattel et al., 2007, 2020) and
facilitate atrial re-entry and focal trigger activity (Nattel et al.,
2007). Reduction of the Nav1l.5 expression contributes to AF
by delaying conduction and promoting re-entry (Martin et al.,
2019; McCauley et al., 2020). The protein and gene expression
levels of voltage-dependent K™ channel 4.3 (Kv4.3) are down-
regulated in atria from AF patients and models (Brundel et
al., 2001a,b; Bosch et al., 2003). The protein and gene expres-
sion of Cav1.2 decreased in LLA in models of atrial tachycardia
(Nakatani et al., 2013; Martins et al., 2014; Chong et al.,
2015). In the present study, we found that ISRIB ameliorates
the reduction in the protein expression levels of Navl.5,
Cavl.2, and Kv4.2 in LA from post-MI. We also found that
ISRIB improves the Cx43 expression and distribution. Cx43 is
a major component of gap junction between myocytes, and its
abnormality may cause atrial spatial heterogeneity of conduc-
tion (Nattel et al., 2007). In a rat model of spontaneous hyper-
tension, the AF wvulnerability is associated with slow
conduction velocity and low Cx43 expression, phosphorylation,
and redistribution (Parikh et al., 2013). Thus, our results sug-
gest that ISRIB may attenuate the atrial electrical remodeling
by preventing the downregulation of functional transmem-
brane proteins, including ion channel and Cx43 in LA.

As key mechanisms of initial and maintenance of AF, ion
channels and gap junction may be altered by ischemia through
atrial fibrosis (Nattel, 2017), inflammation (Zhou and Dudley,
2020), and autophagy in LA (Wiersma et al., 2017; Packer,
2020). In the present study, ISRIB inhibited atrial fibrosis,
inflammation, and autophagy in LA. Therefore, ISR pathway
might contribute to the proarrhythmic mechanism of AF.
Overall, ISRIB blocks the ATF4 protein expression without
affecting p-eIF20 in LA post-MI, which results in the restora-
tion of normal functional protein synthesis (including ion
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channels and gap junction) by suppressing the downstream of
the elF2u pathway.

This study has several limitations. First, we did not deter-
mine spontaneous AF in nonanesthesia rats due to lack of rel-
evant physiologic monitoring system for small animals.
Second, we did not evaluate the electrophysiological functions
of ion channel (Na*, K*, and Ca®") from atrial myocytes,
although we have determined the protein expression of
Navl.5, Cavl.2, and Kv4.2. Third, other signaling pathways
relevant to ISR may also play roles in AF. Fourth, further
studies are needed to establish the long-term therapeutic
effects of ISRIB on AF in the context of assessment of its
potential toxic effects.

Conclusions

Despite the existence of several limitations, this study has
revealed that the trans-ISRIB could suppress ISR in ischemia
atria, which are at risk for AF. The possible mechanisms may
be related to cardiac fibrosis, inflammatory cell infiltration,
autophagy-related protein LC3 expression, and the remodeling
of ion channel and Cx43. Considering the limitations of cur-
rent therapies for AF, this study suggests that the ISR is a
key pathway in pathogenesis of AF and represents a novel tar-
get for treatment of AF.
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