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Chronic alcoholism disrupts mitochondrial function and often results in alcoholic cardiomyopathy (ACM). Fas-
activated serine/threonine kinase (FASTK) is newly recognized as a key post-transcriptional regulator of mito-
chondrial gene expression. However, the modulatory role of FASTK in cardiovascular pathophysiology remains
totally unknown. In experimental ACM models, cardiac FASTK expression markedly declined. Ethanol directly
suppressed FASTK expression at post-transcriptional level through NADPH oxidase-derived reactive oxygen
species (ROS). Ethanol destabilized FASTK mRNA 3'-untranslated region (3'-UTR) and accelerated its decay,
which was blocked by the clearance of ROS. Regnase-1 (Regl), a ribonuclease regulating mRNA stability, was
induced by ROS in ethanol-stimulated cardiomyocytes. Regl directly bound to FASTK mRNA 3'-UTR and pro-
moted its degradation, whereas silencing of Reg1 reversed ethanol-induced FASTK downregulation. Compared to
wild type control, alcohol-related myocardial morphological (hypertrophy, fibrosis and cardiomyocyte
apoptosis) and functional (reduced ejection fraction and compromised cardiomyocyte contraction) anomalies
were worsened in FASTK deficient mice. Mechanistically, FASTK ablation repressed NADH dehydrogenase
subunit 6 (MTND6, a mitochondrial gene encoding a subunit of complex I) mRNA production and reduced
complex I-supported respiration. Importantly, cardiomyocyte-specific upregulation of FASTK through intra-
cardiac AAV9-cTNT injection mitigated myocardial mitochondrial dysfunction and restrained ACM progres-
sion. In vitro study showed that overexpression of FASTK ameliorated ethanol-induced MTND6 mRNA down-
regulation, complex I inactivation, and cardiomyocyte death, whereas these beneficial effects were counteracted
by rotenone, a complex I inhibitor. Collectively, ROS-accelerated FASTK mRNA degradation via Regl underlies
chronic ethanol ingestion-associated mitochondrial dysfunction and cardiomyopathy. Restoration of FASTK
expression through genetic approaches might be a promising therapeutic strategy for ACM.

1. Introduction

The harmful use of alcohol is one of the leading threats for popula-
tion health worldwide and resulted in nearly 3 million deaths in 2016
[1]. Chronic alcoholism often results in devastating organ damage, such
as alcoholic steatohepatitis and alcoholic cardiomyopathy (ACM). ACM
accounts for nearly one third of dilated cardiomyopathy and 50% in-
dividuals with chronic alcoholism die from cardiovascular diseases [2].

Several theories have been postulated for the pathogenesis of ACM, such
as direct and indirect cardiotoxicity of ethanol. However, neither precise
etiology nor effective therapy is available [3].

Mitochondria play irreplaceable role in the generation of adenosine
triphosphate (ATP) through oxidative phosphorylation, a process that
requires five large protein complexes (complex I-V) located at the inner
mitochondrial membrane [4,5]. The assembly of the electron transport
chain complex I-IV requires nearly 100 proteins and most of them are

* Corresponding author. Department of Physiology and Pathophysiology, Basic Medicine School, Air Force Medical University. #169 Changle West Road, Xi’an,

China.
** Corresponding author. , #127 Changle West Road, Xi’an, China.

E-mail addresses: cxyfmmu@163.com (X. Chen), jmpei8@fmmu.edu.cn (J. Pei).

https://doi.org/10.1016/j.redox.2020.101778

Received 31 August 2020; Received in revised form 7 October 2020; Accepted 26 October 2020

Available online 1 November 2020
2213-2317/© 2020 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license


mailto:cxyfmmu@163.com
mailto:jmpei8@fmmu.edu.cn
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2020.101778
https://doi.org/10.1016/j.redox.2020.101778
https://doi.org/10.1016/j.redox.2020.101778
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2020.101778&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Zhang et al.

encoded in the nucleus and imported into mitochondria from the cyto-
plasm [6]. 13 proteins are encoded within the mitochondrial genome
and their proper expression is critical for the maintenance of mito-
chondrial respiratory function [7]. Mitochondria are the primary target
for ethanol toxicity in cardiac myocytes and chronic ethanol ingestion
results in gross structural and functional anomalies of the heart mito-
chondria in both laboratory animals and human subjects [8]. In
ethanol-exposed hepatocytes and cardiomyocytes, proteins encoded by
mitochondrial genome markedly decreased, suggesting that ethanol
disrupts mitochondrial gene expression [9,10]. However, the molecular
association between ethanol and mitochondrial genome expression re-
mains largely obscure.

The mitochondrial genome relies heavily on post-transcriptional
regulation for its proper expression, and deregulation of this process
can result in mitochondrial dysfunction and diseases [11]. Fas-activated
serine/threonine kinase (FASTK) is a founding member of a protein
family consisting of FASTK and its five homologs FASTK domain-1
(FASTKD1) to FASTKDS5 [12]. FASTK has initially been described as a
protein kinase activated upon Fas signaling, but the arguments in favor
of this kinase activity have been recently doubted and this molecule
should no longer be considered as a kinase [13]. Emerging evidence has
revealed that the FASTK family members are a group of RNA binding
protein and act as key post-transcriptional regulators of mitochondrial
gene expression [12]. Among the FASTK family members, FASTK,
FASTKD1, FASTKD2, FASTKD3, and FASTKD4 co-localize with mito-
chondrial RNA granules and participate in mitochondrial RNA pro-
cessing [14-16]. FASTK specifically interacts with NADH
dehydrogenase subunit 6 (MTND6, a mitochondrial gene encoding a
subunit of complex I) mRNA at multiple sites and promotes its matu-
ration and biogenesis in mammalian cells [17]. Genetic ablation of
FASTK results in aberrant MTND6 mRNA production and impairs
cellular respiration with the reduced complex I activity [17].

In human beings and rodents, FASTK is highly expressed in the heart
tissues [18]; however, the role of FASTK in cardiovascular diseases has
never been explored. Considering the critical role of FASTK in the
regulation of mitochondrial gene expression and function, we speculate
that FASTK may participate in the pathogenesis of ACM. Utilizing in vivo
and in vitro experiments, the present study aims: 1) to define whether
FASTK involves in the progression of ACM; 2) if so, to explore the un-
derlying mechanisms.

2. Materials and Methods

An expanded and detailed “Materials and Methods” section is
available in the online supplementary materials.

2.1. Experimental animals and ACM models

Animal procedures were approved by the Animal Care and Use
Committee of Air Force Medical University and were performed ac-
cording to the National Institutes of Health Guidelines on Laboratory
Animals. Transgenic mice with FASTK knockout (KO) were obtained
from the Jackson Laboratory (Bar Harbor, Maine) and were maintained
and genotyped as we and others described [19,20]. Mice were housed in
a temperature-controlled environment (23 + 2 °C) with a 12/12 h
light/dark cycle. To establish cardiomyopathic models induced by
alcohol, 12-week old male mice were pair-fed a modified Lieber-DeCarli
alcohol or isocaloric maltose dextrin control liquid diet for 8 weeks as
previously described [21]. Dietary ethanol content (%, w/v) was 4.8
(34% of total calories) at initiation, and gradually increased up to 5.4
(38% of total calories). The amount of food given to the pair-fed mice
was matched to that of the ethanol-fed mice measured at the previous
day. At the end of experimental period, cardiac function and blood
pressure were measured. Mice were anesthetized by inhalation of 2%
isoflurane and sacrificed. Heart and blood samples were harvested for
the following examinations.
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2.2. Myocardial gene delivery

Recombinant adeno-associated virus serotype-9 (AAV9) harboring
full length mouse FASTK gene with the cardiac troponin T (cTNT) pro-
moter (AAV9-cTNT-FASTK) and control vectors (AAV9-cTNT-GFP) were
prepared and delivered as we previously described [22,23].
AAV9-cTNT-FASTK and AAV9-cTNT-GFP vectors were constructed by
Hanbio Co, Ltd (Shanghai, China). pHBAAV-cTNT-FASTK-GFP was
constructed by cloning the target FASTK into the pHBAAV-cTNT-GFP
vector. After confirming the sequence, pHBAAV-cTNT-FASTK-GFP was
cloned into the recombinant AAV9 frame vector. The AAV9 vector was
amplified in HEK293 cells and the viral titer was determined.
AAV9-cTNT-GFP vectors were concomitantly constructed and produced.

Intra-myocardial injection was used to deliver the gene as we pre-
viously described with minor modifications [23,24]. Briefly, mice were
anesthetized using 2% isoflurane and a skin cut (about 1.5 cm) was
made on the left chest. The pectoral muscle was dissected and the ribs
were exposed. The heart was smoothly and gently “popped out” through
a small hole at the 4th intercostal space. AAV9 vectors were diluted to
2.5 x 10! particles/ml in saline and 25 pL was directly injected into the
left ventricle free wall using a 30.5 G Hamilton syringe (Hamilton Co,
Reno, NV, USA). The injection sites were as follows: (i) starting from the
apex and moving toward the base in the left ventricle (LV) anterior wall;
(ii) at the upper part of the LV anterior wall; and (iii) starting at the apex
and moving toward the base in the LV posterior wall. After the injection,
the heart was immediately placed back into the chest, followed by
manual evacuation of pneumothoraxes, closure of muscle, and the skin
suture. Two weeks after the injection, mice were randomized to receive
control or ethanol-containing diet for the following eight weeks.

2.3. Statistical analysis

Data were shown as mean =+ SD and analyzed by the GraphPad Prism
8 software (GraphPad Software). For the analysis of two groups, an
unpaired two-tailed student’s t-test was conducted. One-way ANOVA
with a post-hoc analysis was performed when more than two groups
were compared. For multiple groups following the same animals over-
time, two-way ANOVA with repeated measures, followed by the Bon-
ferroni post-hoc test was performed. A P < 0.05 was considered statis-
tically significant.

3. Results

3.1. Ethanol suppresses myocardial FASTK expression through NADPH
oxidase (NOX)-dependent reactive oxygen species (ROS) generation

Experimental ACM was induced in mice fed by the ethanol liquid diet
for eight weeks. Age-matched mice pair-fed with a regular diet were set
as the control group. Echocardiographic parameters and morphological
analysis showed that ethanol-fed mice developed cardiomyopathic
phenotypes characterized by contraction dysfunction, chamber dilation,
myocyte hypertrophy, interstitial fibrosis, and lung edema due to car-
diac insufficiency, mimicking the ACM clinical manifestations (figure-1a
to 1f). To test the participation of FASTK family members in ACM pro-
gression, we first observed the mRNA levels of FASTK family members in
myocardial tissues isolated from the control or ethanol-fed mice. The
mRNA expression levels of FASTK obviously declined in the heart tissues
of mice receiving the ethanol-containing diet (figure-1g). Western blot
confirmed that chronic ethanol ingestion suppressed FASTK protein
expression in the heart (figure-1h). These data identify myocardial
FASTK decline as a molecular characteristic of ACM.

To define whether ethanol directly suppresses FASTK expression, we
exposed H9C2 cardiomyocytes to increasing concentrations of ethanol
for 12 h. Consistent with in vivo observation, ethanol decreased FASTK
mRNA and protein expression in a dose-dependent manner (figure-2a
and 2b). We next defined the participation of NOX and its product
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Figure-1. Effects of chronic ethanol ingestion on
cardiac function, structure, and FASTK expres-
sion. (a) Mice received ethanol-containing diet or

ST (SO0 were pair-fed with a regulator diet for eight weeks.
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cellular ROS in ethanol-induced FASTK decline. As expected, the
expression of p47phOX (a protein component of NOX2) and NOX activity
were gradually upregulated when ethanol concentrations increased
(figure-2¢ and 2d). Cellular ROS levels were increased in response to
ethanol exposure (figure-2e). Meanwhile, ethanol dose-dependently
upregulated mitochondrial ROS generation as evidenced by increasing
fluorescence intensity of MitoSOX (figure-2f) [25,26]. Co-treatment
with diphenyleneiodonium chloride (DPI, a NOX inhibitor) or N-ace-
tyl-i-cysteine (NAC, a ROS scavenger) eliminated ROS accumulation in
ethanol-stimulated cells (figure-2g). Notably, the decline of FASTK
expression was reversed by either DPI or NAC co-treatment (figure-2h
and 21i). These results confirm that ethanol represses FASTK expression
through NOX-derived ROS production.

3.2. Ethanol destabilizes FASTK mRNA 3'-UTR through the ribonuclease
regnase-1

Considering that ethanol decreases FASTK expression at both the
mRNA and protein level, we assumed that ethanol disrupts FASTK gene
transcription. Thus, we detected the nascent synthesis of FASTK mRNA
using a Click-iT nascent RNA capture system. To our surprise, compared
with the control group, the nascent synthesis of FASTK mRNA remained
unchanged upon ethanol exposure, no matter with or without NAC co-
treatment (figure-3a). Next, the transcription inhibitor actinomycin D
(ActD) was added into H9C2 cells to block de novo RNA synthesis, and
the persistence of the existing FASTK mRNA levels were measured at
different time points. Ethanol induced FASTK mRNA instability and
promoted its degradation, which was rescued by NAC-mediated ROS

clearance (figure-3b). To test which region is responsible for ethanol-
induced instability, the 5'-UTR (untranslated region), coding region
(CR), or 3'-UTR of mouse FASTK mRNA was separately inserted into
luciferase reporter constructs. In H9C2 cells, ethanol decreased the
luciferase activity of 3'-UTR containing construct and the phenomenon
was counteracted by ROS elimination (figure-3c). In contrast, the
luciferase activity of the construct carrying 5'-UTR or CR sequence was
unchanged upon ethanol treatment (supplementary figure-1). These
data collectively reveal that the sequence of 3’-UTR is responsible for
ethanol-induced FASTK mRNA instability.

Mouse FASTK 3'-UTR between 1755 and 1767 was predicted to form
a stem-loop (SL) structure with a pyrimidine-purine-pyrimidine loop
(UAU, figure-3d). This SL structure is consistent with the consensus
recognition motif of regnase-1 (Regl, encoding by Zc3h12a), a ribonu-
clease to regulate mRNA 3'-UTR stability and degradation [27]. This SL
structure was also evolutionarily conserved among mammals, including
human beings and chimpanzees (figure-3e). Biotin pulldown assay
confirmed that Regl directly combined with the 3’-UTR but not the
5-UTR or CR of mouse FASTK mRNA (supplementary figure-2). To
determine whether Regl regulates FASTK mRNA stability, H9C2 cells
were transfected with the expression plasmid of wild-type Regl
(Regl-WT). Intriguingly, Regl overexpression obviously accelerated
FASTK mRNA degradation and shortened its half-life time upon ActD
treatment (figure-3f).

To identify the region of 3'-UTR conferring Regl responsiveness, we
built up a series of luciferase constructs containing a part of FASTK
mRNA 3'-UTR sequence. The luciferase activity of the construct
(1723-1841, full length) and the construct (1723-1768), which contains
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the SL sequence, was markedly decreased upon Regl overexpression
(figure-3g). By contrast, the luciferase activity of the construct
(1723-1754) was unchanged by Regl co-expression (figure-3g). These
data identify that the SL structure (from 1755 to 1767) is indispensable
for Regl-mediated FASTK 3’-UTR decay. We also expressed WT or D141
N mutant Regl in H9C2 cells. D141 N mutant Reg1 lacks ribonuclease
activity but retains RNA binding capacity [25]. RNA immunoprecipi-
tation (RIP) assay showed that WT and D141 N Regl both combined
with FASTK mRNA (figure-3h). However, the luciferase activity of
FASTK 3'-UTR was markedly declined in the presence of WT but not
D141 N mutant Regl (figure-3i), suggesting that Regl destabilizes
FASTK mRNA 3'-UTR by its ribonuclease activity.

Another question is whether Regl participates in ethanol-induced
FASTK mRNA instability. Ethanol induced Regl expression through
promoting ROS generation because the ROS scavenger NAC reversed
ethanol-induced Regl upregulation (figure-3j). Meanwhile, the combi-
nation between Regl and FASTK mRNA was also augmented by ethanol
exposure, which was blocked by NAC co-treatment (figure-3k). Notably,
Regl knockdown counteracted ethanol-induced FASTK decline and 3'-
UTR instability (figure-31 and 3m). Regl silencing increased FASTK
protein expression and 3'-UTR luciferase activity even under basal
condition, supporting the notion that Reg1 is an endogenous regulator of
FASTK mRNA 3'-UTR stability. Consistent with these in vitro observa-
tions, the expression of Regl was markedly increased in the heart tissues
of ACM mice (supplementary figure-3). These results collectively
demonstrate that ethanol accelerates FASTK mRNA 3'-UTR degradation
via ROS-mediated upregulation of Regl.
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3.3. Genetic ablation of FASTK exacerbates cardiomyopathic phenotypes
induced by chronic ethanol ingestion

An unsolved but very important question is whether FASTK involves
in the progression of ACM. To test this, we established ACM models in
WT and FASTK knockout (KO) mice. In the heart tissues isolated from
KO animals, the mRNA and protein of FASKT were undetectable (sup-
plementary figure-4), confirming the efficacy of FASTK KO. During the
experimental period, WT and KO mice consumed equal ethanol diet per
day and plasma ethanol and acetaldehyde levels were comparable be-
tween WT and KO mice receiving ethanol (supplementary table-1).
Compared with the ethanol-WT group, heart to body weight ratios (HW/
BW) and lung to body weight ratios (LW/BW) were markedly increased
in ethanol-fed KO mice (supplementary table-1). Echocardiography
showed that ethanol-induced cardiac dysfunction was worsened in KO
mice as indicated by lower ejection fractions and higher left ventricular
internal dimension systole (LVIDs) and diastole (LVIDd) values (figure-
4a). Heart rhythm was simultaneously monitored by electrocardiogram
when animals received echocardiographic examination. During the ex-
amination, premature ventricular contraction (PVC) was the only type of
arrhythmia observed. Chronic ethanol ingestion induced PVC in both
WT and KO mice; however, there was no significant difference in PVC
incidence between WT and KO mice receiving chronic ethanol ingestion
(supplementary table-1). Morphological analysis showed that FASTK
deletion aggravated cardiac fibrosis, myocyte hypertrophy, and car-
diomyocyte apoptosis induced by chronic ethanol ingestion (figure-4b to
4e). Molecular analysis showed that hearts isolated from KO mice dis-
played higher expression levels of fetal (Nppa, Nppb and Myh7) and pro-
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fibrotic genes (Collal and Col3al) upon chronic ethanol stress (figure-
4f). Western blot results showed that cleaved caspase-3 levels in the
heart tissues of KO mice were much higher than those in WT mice upon
ethanol-containing diet (figure-4g). We also evaluated chronic cardiac
inflammation in ethanol-fed WT and KO mice. Ethanol markedly
induced the generation of inflammatory cytokines including tumor ne-
crosis factor-a (TNF-a), interleukin-6 (IL-6), and IL-1p (supplementary
figure-5a to 5¢). Ly6G positive neutrophils were also recruited into the
heart by chronic ethanol intake (supplementary figure-5d). Unexpect-
edly, FASTK KO hearts were resistant to ethanol-induced chronic cardiac
inflammation as evidenced by less cytokine production and lower
monocyte infiltration than those of the WT group (supplementary figure-
5a to 5d). Taken together, these results demonstrate that genetic abla-
tion of FASTK worsens chronic ethanol ingestion-induced cardiomyop-
athy, even though the heart is less inflamed by ethanol.

We isolated adult ventricular myocytes from WT and FASTK KO mice
and exposed them to ethanol. Ethanol robustly suppressed cardiac

(200 mM) for 12 h, the luciferase activity was
measured. Data are shown as mean + SD. Fig. 3a, b,
3c, 3h, 3i, 3j, 3k were analyzed by one-way ANOVA
analysis, followed by a Bonferroni post-hoc test.
Figure- 3f and 3 g were analyzed by unpaired stu-
dent’s t-test. Figure- 31 and 3 m were analyzed by two
way ANOVA followed by a Bonferroni post-hoc test.
ActD, actinomycin D; Regl, regnase-1; WT, wild type;
shRNA, short  hairpin  RNA; RIP, RNA
immunoprecipitation.

shRNA

myocyte contractile function as manifested by decreased peak short-
ening (PS) and maximal velocity of shortening/relengthening (+dL/dt)
as well as prolonged time to 90% relengthening (TRgo), without any
changes in resting cell length and time to peak shortening (TPS).
Ethanol-induced contractile anomalies were further exacerbated in KO
myocytes, which was evidenced by lower PS, lower + dL/dt, and longer
TRy, although KO itself had no obvious effect on cardiomyocyte con-
tractile properties (figure-5a to 5g). Intracellular Ca%t handling was
evaluated using the Fura-2 fluorescence microscopy. Upon ethanol
exposure, cardiac myocytes exhibited overtly decreased Ca2* release in
response to electrical stimuli (AFFI) and prolonged intracellular Ca%t
decay with unchanged resting intracellular Ca®' (resting FFI).
Compared with WT group, KO myocytes displayed more severe Ca*
handling dysfunction as evidenced by much lower AFFI values and
slower Ca%" decay in the presence of ethanol (Figure-5h to 5j). These in
vitro data provide direct evidence demonstrating that genetic FASTK
deficiency in cardiomyocytes exacerbates ethanol-induced contractile
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Figure-4. Effects of FASTK KO on ethanol-induced
cardiomyopathic phenotypes. (a) WT or FASTK KO
mice were fed with control or ethanol-containing diet
for 8 weeks. Cardiac function was analyzed by m-
mode echocardiography. Ejection fractions, LVIDs
and LVIDd were calculated. (b) Representative im-
ages of masson trichrome, WGA and TUNEL staining
in WT and KO mice. (¢) Quantitative analysis of
interstitial fibrosis. (d) Quantitative analysis of
average cardiomyocyte cross-sectional area. (e)
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Quantitative analysis of TUNEL positive apoptotic
. WT cardiomyocytes. (f) Cardiac mRNA levels of fetal
= KO remodeling genes (Nppa, Nppb and Myh7) and

fibrotic genes (Collal and Col3al) were measured by
RT-PCR and normalized to 18S rRNA. (g) Cleaved
caspase-3 expression levels were determined by
Western blotting and normalized to f-actin expres-
sion. Data are shown as mean + SD and analyzed by
two way ANOVA followed by a Bonferroni post-hoc
test. WT, wild type; KO, knockout; TUNEL, TdT-
mediated dUTP nick-end labeling; Nppa, natriuretic
peptide A; Nppb, natriuretic peptide B; Myh7,
myosin, heavy polypeptide 7; Collal, collagen type I
alpha 1; Col3al, collagen type III alpha 1.
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dysfunction and Ca?* handling anomalies.

3.4. Genetic ablation of FASTK disrupts myocardial MTND6 gene
expression and worsens mitochondrial complex I dysfunction upon chronic
ethanol ingestion

FASTK is a key modulator of mitochondrial RNA processing, which is
essential for proper mitochondrial gene expression and function. Thus,
we evaluated the structure and function of the heart mitochondria iso-
lated from WT and KO mice under basal condition. Electric microscopy
showed that no significant change was observed in the number and ul-
trastructure of the heart mitochondrion between WT and KO mice
(supplementary figure-6a). Consistent with the pre-existing report, the
mRNA abundance of MTND6 (a mitochondrial gene encoding a subunit
of complex I) was robustly decreased in the KO heart tissues, whereas
the mitochondrial genes encoding the other complex I subunits were
normally expressed (supplementary figure-6b). Western blot showed
that the steady-state levels of some subunits of mitochondrial complex I,
such as NDUF88, NDUFS1, and NDUFS2, were reduced in the KO heart
(supplementary figure-6¢), which confirmed a disassembly of complex I
in the KO hearts.

Pair-fed

P<0.0001 « WT

P<0.0001 KO

EtOH

Consistent with the decline of FASTK expression, ethanol also sup-
pressed the mRNA levels of MTND6 in cardiomyocytes (figure-6a).
Correspondingly, in response to chronic ethanol ingestion, the activity
of mitochondrial complex I was repressed in the heart tissues (figure-
6b), whereas the activity of complex II to IV remained unchanged
(supplementary figure-7). These data support that mitochondrial com-
plex I might be a primary target for ethanol-induced mitochondrial
dysfunction. To direct evaluate the effect of ethanol on mitochondrial
complex I-mediated respiratory function, heart mitochondria were
freshly isolated from pair-fed or ethanol-fed animals. Oxygen con-
sumption rate was measured in the presence of complex I substrate
pyruvate and malate, with or without ADP stimulation. Chronic ethanol
ingestion markedly interrupted basal (state 2) and ADP-stimulated
maximal (state 3) complex I respiration (figure-6¢). Intriguingly, KO
further exacerbated ethanol-induced complex I inactivation, MTND6
repression, and complex I respiratory dysfunction (figure-6a to 6c).
These results confirmed that FASTK participates in the modulation of
mitochondrial MTND6 expression and complex I function during ACM
progression.

Next, neonatal mouse ventricular myocytes (NMVMs) were isolated
from WT or KO mice and were exposed to ethanol treatment. Consistent
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Figure-5. Effects of FASTK KO on cardiomyocyte
contractile properties and Ca** homeostasis upon
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with in vivo observations, ethanol disrupted MTND6 mRNA expression
(figure-6d). In KO myocytes, the suppressive effect of ethanol on MTND6
mRNA expression was further aggravated (figure-6d). The mitochon-
drial oxygen consumption was evaluated in the control or ethanol-
treated WT or KO myocytes in real-time by the seahorse metabolic
analyzer (figure-6e). Ethanol suppressed basal and maximal respiration
as well as spare respiratory capacity in comparison to the control group
(figure-6f). Under basal condition, basal and maximal respiration as well
as spare respiratory capacity was moderately decreased in the KO
myocytes when compared to WT. Notably, the mitochondrial respiration
was sharply repressed upon ethanol exposure and were much lower than
those of ethanol-treated WT myocytes (figure-6f). As above in vivo and in
vitro results shown, genetic loss of FASTK expression worsens ethanol-
induced deregulation of MTND6 expression, complex I function, and
mitochondrial respiration.

3.5. Overexpression of FASTK ameliorates ethanol-induced deregulation
of MTNDG6 expression and complex I function

Above-mentioned results have demonstrated that myocardial FASTK
deficiency contributes to mitochondrial dysfunction and ACM progres-
sion. We next defined the therapeutic potential of FASTK overexpression
strategy for the management of ACM. First, we overexpressed FASTK in
NMVMs via adenovirus (Ad) transfection. The efficacy of FASTK over-
expression was confirmed by Western blot (supplementary figure-8).

Compared with Ad vector carrying green fluorescent protein (Ad-GFP),
Ad-FASTK significantly maintained MTND6 mRNA expression and
restored mitochondrial complex I activity upon ethanol exposure
(figure-7a and 7b). Seahorse metabolic analysis showed that FASTK
overexpression ameliorated ethanol-mediated mitochondrial respira-
tory dysfunction (figure-7c and 7d). Collectively, these results further
support the conclusion that FASTK deficiency underlies ethanol-induced
mitochondrial respiratory dysfunction, and indicate that genetic over-
expression of FASTK is an effective approach to ameliorate ethanol-
related mitochondrial dysfunction. Furthermore, we observed that
ethanol-induced cell death, lactate dehydrogenase (LDH) release, and
caspase-3 activation were ameliorated in FASTK overexpressed myo-
cytes (figure-7e to 7g). It is notable that protective effects of FASTK
overexpression were totally blocked by co-treatment with rotenone, a
potent complex I inhibitor (figure-7e to 7g). These results suggest that
mitochondrial complex I activity is required for FASTK-mediated pro-
tective effects against ethanol toxicity. Although rotenone itself was
non-toxic to NMVMs, ethanol-induced cell death was markedly aggra-
vated by co-treatment with rotenone (figure-7e to 7g). Above-
mentioned results emphasize a critical role of mitochondrial complex I
activity for cardiomyocytes to resist ethanol toxicity.

3.6. Cardiac specific overexpression of FASTK restrains ACM progression

We have explored the potential of FASTK overexpression strategy to
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Figure-6. Effects of FASTK KO on mitochondrial respiratory function and MTND6 mRNA expression. (a) MTND6 mRNA levels in heart tissues were determined
by RT-PCR. (b) Heart tissues were collected and mitochondrial complex I activity was measured. (c) Fresh heart mitochondria were collected and treated with
complex I substrate (pyruvate and malate). Basal (State 2) and ADP-stimulated maximal (State 3) mitochondrial oxygen consumption rates were measured. (d)
NMVMs were isolated from WT or FASTK KO mice and were treated by ethanol (200 mM) for 12 h. MTND6 mRNA levels were determined by RT-PCR. (e¢) WT and KO
NMVMs were exposed to ethanol and real-time oxygen consumption rate was determined by Seahorse metabolic analyzer. (f) Basal and maximal respiration as well
as spare respiratory capacity were calculated based on Seahorse results. Data are presented as mean + SD and analyzed by two-way ANOVA, followed by a Bonferroni
post-hoc test. NMVMs, neonatal mouse ventricular myocytes; MTND6, mitochondrial NADH dehydrogenase subunit-6.

resist ethanol toxicity in vitro. The concomitant question is how to
overexpress FASTK in vivo to protect the heart against ACM. We used an
adeno-associated virus of serotype 9 (AAV9) carrying FASKT gene under
the control of the cardiomyocyte-specific cardiac troponin T (¢TNT)
promoter (AAV9-cTNT-FASTK). In vivo gene transfer of AAV9-cTNT-
FASKT or negative control (AAV9-cTNT-GFP) was performed via intra-
myocardial injection as we previously described [23,24]. Four weeks
post intramyocardial AAV9-cTNT-GFP injection, the expression of GFP
was specifically detected in the heart tissues, but not in the liver, lung,
white adipose tissue, and skeletal muscle (figure-8a), suggesting that
this method ensures in vivo cardiac specific gene delivery. Fourteen days
after AAV9-cTNT-GFP or AAV9-cTNT-FASTK injection, mice were ran-
domized to receive control or ethanol diet for the following eight weeks
(figure-8b). Western blot confirmed that AAV9-cTNT-FASKT signifi-
cantly elevated FASTK expression in the heart and reversed
ethanol-induced FASTK downregulation (figure-8c). Daily ethanol con-
sumption and plasma ethanol/acetaldehyde levels were comparable
between AAV9-cTNT-GFP and AAV9-cTNT-FASTK group (supplemen-
tary table-3). Notably, upon chronic ethanol ingestion, the HW/BW and
LW/BW were significantly reduced in AAV9-cTNT-FASKT group when
compared to  AAV9-cTNT-GFP  group, suggesting  that
AAV9-cTNT-FASTK improved cardiac hypertrophy and lung edema
(supplementary table-3). However, the incidence of PVC induced by
chronic ethanol ingestion was not changed by AAV9-cTNT-FASTK in-
jection (supplementary table-3). M-mode echocardiographic parameters

showed that AAV9-cTNT-FASTK ameliorated ethanol-induced cardiac
dysfunction as indicated by higher ejection fractions and lower LVIDs
and LVIDd values (figure-8d). Structural analysis showed that cardiac
specific overexpression of FASTK ameliorated ethanol-induced cardiac
fibrosis, myocyte hypertrophy, and cardiomyocyte apoptosis (fig-
ure-8e). Molecular analysis showed that FASTK overexpression sup-
pressed ethanol-induced remodeling and pro-fibrotic gene expression
(figure-8f). Western blot revealed that FASTK overexpression repressed
the activation/cleavage of caspase-3 induced by ethanol (Figure-8g).
Consistent with in vitro observations, overexpression of FASTK rescued
ethanol-induced MTND6 mRNA expression suppression (figure-8f) and
ameliorated mitochondrial complex I inactivation (Figure-8h). Taken
together, these data demonstrate that cardiac-specific upregulation of
FASTK through gene transfer with AAV9 vectors bearing the cTNT
promoter protects against ACM progression.

4. Discussion

Excessive ethanol intake represses myocardial mitochondrial respi-
ration and disrupts energy homeostasis in heart tissues, finally resulting
in cardiac dysfunction, structural remodeling, and heart failure pro-
gression [28]. Several studies have documented that ethanol suppresses
mitochondrial gene expression in cultured cardiomyocytes and hepa-
tocytes, as evidenced by reduced protein expression encoded by the
mitochondrial genome [9,10]. However, the relationship between
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Figure-7. Effects of FASTK overexpression on mitochondrial respiration and MTND6 expression. NMVMs were isolated and cultured from WT mice and were
transfected with adenovirus carrying GFP (Ad-GFP) or FASTK (Ad-FASTK), followed by ethanol stimulation for 12 h (a) MTND6 mRNA levels were determined by RT-
PCR. (b) Complex I activity was measured. (¢) Mitochondrial respiratory function was assessed by Seahorse. (d) Basal and maximal respiration as well as spare
respiration capacity were calculated based on Seahorse results. (e) Ad-GFP or Ad-FASTK transfected NMVMs were exposed to ethanol for 12 h, co-treated with or
without rotenone (0.1 pM). Cell viability was determined by MTT assay. (f) LDH concentrations in the supernatant were measured. (g) Caspase-3 activity was
measured and normalized to intracellular protein content. Data are shown as mean + SD and analyzed by two-way ANOVA, followed by a Bonferroni post-hoc test.
GFP, green fluorescent protein; Ad, adenovirus; MTT, methylthiazolyldiphenyl-tetrazolium bromide; LDH, lactate dehydrogenase. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this article.)

ethanol and mitochondrial gene regulation is not well understood.
Emerging evidence has revealed that FASTK and its family homologs are
key post-transcriptional regulators of mitochondrial RNA processing and
biogenesis, which 1is essential for the proper mitochondrial
gene-encoding protein expression such as electron transporter chain
(ETC) complex I to IV [12]. Utilizing in vivo and in vitro models, the
present study for the first time addresses the crucial role of FASTK in the
modulation of mitochondrial gene expression and function during ACM
progression.

We observe that, among the six family members, FASTK expression
specifically declines in the ethanol-challenged hearts and car-
diomyocytes through NOX-mediated ROS generation. NOX-derived ROS
has been implicated in the pathogenesis of ethanol cardiotoxicity [29].
Ethanol upregulates NOX and promotes ROS production through the
protein kinase-c (PKC) f1-dependent fashion [21]. Co-treatment with
the NOX inhibitor or the ROS scavenger alleviates ethanol-mediated
cardiomyocyte apoptosis and restrains ACM pathologies [21]. Given
that NOX-derived ROS is a direct culprit of ethanol cardiotoxicity, we
determine the involvement of NOX and its product ROS in
ethanol-induced FASTK decline. The decrease of FASTK expression upon
ethanol exposure is totally reversed by the NOX inhibitor or the ROS
scavenger, demonstrating that NOX-derived ROS is the major culprit of

ethanol-induced FASTK insufficiency. NOX2 and NOX4 are induced in
cardiac myocytes upon ethanol stimulation and they both contribute to
ethanol-induced intracellular ROS generation [30]. DPI is a pan NOX
inhibitor than can block both NOX2 and NOX4 activity. Therefore, the
upregulation of FASTK induced by DPI treatment should be attributed to
the inhibition of both NOX2 and NOX4 activity [31]. These results for
the first time provide the evidence suggesting that the abundance of
FASTK is strictly controlled by intracellular redox state, especially upon
ethanol exposure.

We further identify that ethanol post-transcriptionally suppresses
FASTK expression. Nascent mRNA capture analysis shows that the
transcription of FASTK gene is unchanged in response to ethanol,
although the expression of FASTK is declined at both mRNA and protein
levels by ethanol exposure. Further analysis shows that the half-life time
of FASTK mRNA is markedly shortened by ethanol, which is rescued by
ROS clearance. Therefore, the insufficiency of FASTK in cardiomyocytes
upon ethanol exposure is definitely due to the accelerated FASTK mRNA
degradation induced by ROS. Utilizing luciferase reporter assay, we
confirm that the 3’-UTR is the key element responsible for FASTK mRNA
stability because ethanol reduces the luciferase activity of the construct
carrying FASTK mRNA 3'-UTR, but not the CR or 5-UTR. These data
clarify a brand new post-transcriptional regulation of FASTK expression
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Figure-8. Effects of cardiac-specific FASTK over-
expression on ACM progression. (a) Saline or AAV9
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mined by Western blot and normalized to p-actin. (d)
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Col3al) and MTND6 were determined by RT-PCR. (g)
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in mammalian cells, especially under the condition of oxidative stress.
Mammalian mRNA degradation is tightly regulated by RNA-binding
proteins (RBP) that recognize specific RNA sequences or structures
(generally named ‘elements’), which are often localized in the 3'-UTR of
mRNAs [32]. By bioinformatics analysis, we find that there is a
conserved SL structure with a pyrimidine-purine-pyrimidine loop,
which is consistent with the consensus recognition motif of Regl, a RBP
that promotes mRNA degradation via its ribonuclease activity [33].
Regl is newly identified as a key regulator of proinflammatory cytokine
mRNA stability in both immune and non-immune cells [34,35]. Here we
find that Regl directly binds to FASTK mRNA 3'-UTR through the SL
structure and accelerates its decay by the ribonuclease activity. Upon
ethanol exposure, NOX-derived ROS upregulates Regl expression and
promotes its binding to FASTK mRNA, thus resulting in the instability
and accelerated degradation of FASTK mRNA. These data confirm that
Regl is a previously unrecognized modulator of FASTK mRNA stability.
Moreover, deregulation of Regl has been implicated in autoimmune,
cancer, and cardiovascular diseases [36,37]. However, the genet-
ic/environmental factors in the control of Regl expression remain un-
known. This study finds that Regl expression is upregulated by
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ethanol-stimulated ROS generation, suggesting that the expression of
Regl is regulated by intracellular redox homeostasis.

FASTK is recently recognized as a RBP to regulate mitochondrial
RNA processing and biogenesis, which is essential for proper mito-
chondrial protein expression [12]. In the heart mitochondria, FASTK
specifically binds to MTND6 mRNA and promotes its biogenesis [17].
Loss of FASTK results in a significant decline of MTND6 mRNA level and
a subsequent repression of mitochondrial complex I activity [38]. Here
we observe that ethanol disrupts MTND6 mRNA generation and re-
presses mitochondrial complex I activity. Genetic ablation of FASTK
further exacerbates ethanol-disturbed MTND6 mRNA expression and
complex I activity, whereas ethanol-induced mitochondrial anomalies
are rescued by FASTK overexpression. The loss-of-function and
gain-of-function experiments establish a causative relationship between
FASTK insufficiency and deregulated mitochondrial gene expression as
well as function in the ethanol-challenged hearts and cardiomyocytes.

Mitochondrial genetic and functional homeostasis is essential to
maintain normal cardiac physiology, and mitochondrial dysfunction
contributes to the progression of cardiomyopathy and heart failure
[39-41]. Complex I contains nearly 45 subunits and it is the first step of
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mitochondrial ETC to transfer electron from NADH to the ETC for ATP
synthesis [42]. Decreased complex I activity has been observed in the
cardiomyopathic and failing hearts [43]. Genetic loss of complex
I-dependent respiration disrupts mitochondrial energy and redox ho-
meostasis and renders the mice highly susceptible to the development of
heart failure after chronic stress [43]. These data indicate that complex I
is a critical regulator of the energy and redox balance in the heart
mitochondria, which is indispensable for cardiac response to chronic
stress. Compromised complex I activity has also been implicated in the
pathogenesis of ACM [44]. However, the molecular relationship be-
tween ethanol ingestion and complex I inactivation is obscure. The
present study confirms that FASTK insufficiency is a node point between
ethanol intake, complex I inactivation, and mitochondrial respiratory
dysfunction.

Chronic myocardial inflammation, such as neutrophil infiltration
and cytokine production, has been implicated in the pathogenesis of
ACM [45]. Emerging evidence has raised the possibility that
ethanol-induced cardiac injury may occur secondary to inflammatory
responses [46]. Here we show that FASTK KO mice were resistant to
chronic cardiac inflammation upon chronic ethanol ingestion as evi-
denced by lower neutrophil recruitment and proinflammatory cytokine
generation. These findings are consistent with the pre-existing report
that genetic FASTK knockout eases lipopolysaccharides (LPS) or
dust-induced lung inflammation [44]. Although chronic myocardial
inflammation is alleviated, genetic deletion of FASTK markedly worsens
ACM progression as evidenced by the functional, structural, and mo-
lecular analyses. These results confirm that FASTK KO influences ACM
progression through a mechanism parallel to myocardial inflammatory
responses.

This study also emphasizes that restoration of FASTK expression
might be a promising therapeutic strategy for ACM. In vitro experiments
show that overexpression of FASTK ameliorates ethanol-induced
MTND6 insufficiency, complex I inactivation, and mitochondrial
dysfunction, thus alleviating ethanol-induced cell death. Notably, these
protective effects mediated by FASTK overexpression are counteracted
by the complex I inhibitor rotenone, suggesting that FASTK alleviates
ethanol cardiotoxicity probably through preserving complex I activity.
Furthermore, cardiac specific overexpression of FASTK via intra-
myocardial AAV9-cTNT injection restrains cardiomyopathic pheno-
types in chronic ethanol ingested mice, highlighting the therapeutic
potential of AAV9-mediated FASTK gene delivery against ACM. The
current study is the first pre-clinical study pointing out the critical role of
FASTK in the modulation of the heart mitochondrial homeostasis and
heart diseases. Considering the necessity of heart mitochondria in the
regulation of cardiovascular pathophysiology, we believe that FASTK
has the potential to be an attractive therapeutic target for the manage-
ment of heart diseases [47]. We previously showed that FASTK deletion
protects against obesity-associated fatty liver injury through directly
modulating hepatic lipogenesis and gluconeogenesis, which are two
major metabolic processes involved in the progression of obesity and
non-alcoholic fatty liver disease [19]. We believe that it is dependent on
the difference of pathogenic mechanisms whether FASTK exerts pro-
tective or detrimental role in the different diseases.

In conclusion, the present study demonstrates that, in ethanol-
challenged hearts and cardiomyocytes, NOX-derived ROS upregulates
the ribonuclease Regl, which binds to and accelerates FASTK mRNA
degradation. In turn, downregulation of FASTK contributes to dysregu-
lated MTND6 expression and compromised complex I activity, finally
resulting in mitochondrial dysfunction and ACM progression (figure-9).
These findings delineate a novel post-transcriptional mechanism by
which ethanol disturbs the heart mitochondrial homeostasis during
ACM progression.
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Figure-9. Schematic illustration. Ethanol stimulates NOX activation and ROS
generation, therefore upregulating Regl expression. Regl directly binds to the
3'-UTR of FASTK mRNA and accelerates its decay, resulting in insufficient
FASTK expression in chronic ethanol-challenged hearts. The decline of FASTK
abundance contributes to impaired mitochondrial MTND6 biogenesis, complex
I inactivation, and mitochondrial respiratory dysfunction, finally leading to the
progression of alcoholic cardiomyopathy. Restoration of FASTK expression via
genetic approaches might be a promising strategy for ACM prevention
and treatment.
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