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ARTICLE INFO ABSTRACT

Keywords: Lipopolysaccharide (LPS), an essential component of outer membrane of the Gram-negative bacteria, plays a
Lipopolysaccharide pivotal role in myocardial anomalies in sepsis. Recent evidence depicted an essential role for mitochondrial
Cardiac aldehyde dehydrogenase (ALDH2) in cardiac homeostasis. This study examined the effect of ALDH2 on en-
ER stress dotoxemia-induced cardiac anomalies. Echocardiographic, cardiac contractile and intracellular Ca®* properties
itgggagy were examined. Our results indicated that LPS impaired cardiac contractile function (reduced fractional
Endosome shortening, LV end systolic diameter, peak shortening, maximal velocity of shortening/relengthening, prolonged

relengthening duration, oxidation of SERCA, and intracellular Ca%* mishandling), associated with ER stress,
inflammation, O~ production, increased autophagy, CAMKKp, phosphorylated AMPK and suppressed phos-
phorylation of mTOR, the effects of which were significantly attenuated or negated by ALDH2. LPS promoted
early endosomal formation (as evidenced by RAB4 and RAB5a), apoptosis and necrosis (MTT and LDH) while
decreasing late endosomal formation (RAB7 and RAB 9), the effects were reversed by ALDH2. In vitro study
revealed that LPS-induced SERCA oxidation, autophagy and cardiac dysfunction were abrogated by ALDH2
activator Alda-1, the ER chaperone TUDCA, the autophagy inhibitor 3-MA, or the AMPK inhibitor Compound C.
The beneficial effect of Alda-1 against LPS was nullified by AMPK activator AICAR or rapamycin. CAMKK(
inhibition failed to rescue LPS-induced ER stress. Tunicamycin-induced cardiomyocyte dysfunction was ame-
liorated by Alda-1 and autophagy inhibition, the effect of which was abolished by rapamycin. These data sug-
gested that ALDH2 protected against LPS-induced cardiac anomalies via suppression of ER stress, autophagy in a
CAMKKB/AMPK/mTOR-dependent manner.

1. Introduction

Sepsis, clinically presented as the systemic inflammatory response
syndrome (SIRS), is a critical health issue with a high mortality of
15%-20% [1,2]. Septic cardiomyopathy, one of the most devastating
multi-organ dysfunctions in septic shock, is accompanied with an
overtly increased mortality rate of ~70%-90% [2-4]. Survivors of
septic cardiomyopathy often suffer from long-term complications and
poor cardiovascular health. Although much progress has been archived
for the pathogenesis and clinical management of sepsis [2,5], targeted

therapy for septic cardiomyopathy is still lacking due to an incomplete
understanding for the precise mechanism behind the pathogenesis of
this comorbidity. Recent evidence suggested a pivotal role for inter-
rupted redox and endoplasmic reticulum (ER) homeostasis in the onset
of septic injury [6,7]. ER stress is an intracellular membranous network
governing intracellular Ca®* storage, folding, processing of proteins,
lipid and sterol [8]. Disturbed ER homeostasis by pathological stimuli
such as endotoxin may result in a state of ER stress and pathological
unfolded protein response (UPR) [9,10], leading to various forms of cell
death including necrosis, apoptosis, necroptosis and autophagic death
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(autosis) [11,12]. More recent evidence from our group and others has
also suggested a pivotal role for autophagy in the pathogenesis of septic
cardiomyopathy [13-15]. Although our earlier reports suggested a
unique beneficial effect of antioxidants (such as metallothionein and
catalase) and ER chaperone in septic cardiomyopathy [16,17], anti-
oxidant treatment failed to effectively rescue altered autophagy and
inflammation in septic hearts [16], thus raising the issue of interplay
among ER stress, oxidative stress and autophagy in septic cardiomyo-
pathy.

Mitochondrial aldehyde dehydrogenase (ALDH2) is an essential
enzyme to detoxify reactive aldehydes [18]. Genetic polymorphism of
ALDH?2 exists in humans with the mutant ALDH2*2 allele, severely
compromising its enzymatic activity [18]. Prevalence of ALDH2*2 is
nearly 40% in Asian population [19]. Recent evidence has suggested an
important role for ALDH2 in cardiometabolic diseases including
ischemia and reperfusion injury, heart failure, alcoholic cardiomyo-
pathy and diabetes [20-26]. However, the role of ALDH2 in sepsis re-
mains largely unknown. Given the eminent role for ALDH2 gene in
cardiovascular function [20-26], this study examined the impact of
ALDH2 on cardiac function in endotoxemia. Since ER, autophagy,
oxidative stress and inflammation have been indicated to mediate
ALDH2-associated cardiovascular responses [20,27-30], levels of ER
stress, autophagy, O~ production and proinflammatory markers were
monitored in WT and ALDH2 transgenic mice challenged with lipopo-
lysaccharides (LPS). Levels of key autophagy regulatory molecules in-
cluding AMP-dependent protein kinase (AMPK), mTOR and Ca’* /cal-
modulin-dependent protein kinase kinase-p (CaMKKf), an upstream
signal for AMPK [31], and a downstream effector for UPR [32,33] were
also evaluated in murine hearts. Given the important role of recycling
endosomes (involving the budding and fusion events of membrane
trafficking) in the recruitment of autophagy proteins and endocytosis
[34], protein markers of early (RAB4 and RAB5a) and late (RAB7 and
RAB 9) endosome formation [35] were monitored along with cell death
markers. These Ras-related small GTPases of the Rab family are loca-
lized in part or mainly to the ER to regulate ER tabulation, ER contacts
with other organelles, membrane trafficking among Golgi complex,
endosome, and autophagosome formation [35]. To discern the con-
nection between cell stress and intracellular Ca?* homeostasis, oxida-
tion of sarco(endo)plasmic reticulum-Ca?* -ATPase (SERCA) was mon-
itored.

2. Methods and materials

2.1. Experimental animals, LPS treatment and measurement of ALDH2
activity

All animal experimental procedures performed were approved by
the Animal Care and Use Committees at the University of Wyoming
(Laramie, WY) and Fudan University Zhongshan Hospital (Shanghai,
China). All procedures were in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. Production of ALDH2 transgenic
mice was described previously [26]. In brief, 4-5 month-old male mice
were housed in a climate-controlled environment (22.8 *+ 2.0°C,
45-50% humidity) with a 12/12-light/ dark cycle with access to food
and water ad libitum until experimentation. On the day of experi-
mentation, ALDH2 and WT mice were injected intraperitoneally with
4 mg/kg Escherichia coli O55:B5 LPS dissolved in sterile saline or an
equivalent volume of pathogen-free saline for control. Six hours later,
mice were sacrificed [36]. ALDH2 activity was measured in 33 mM
sodium pyrophosphate containing 0.8 mM NAD ™", 15 uM propionalde-
hyde and 0.1 ml protein extract. Propionaldehyde, the substrate of
ALDH2, was oxidized in propionic acid, while NAD* was reduced to
NADH to estimate ALDH2 activity. NADH was determined by spectro-
photometric absorbance at 340 nm. ALDH2 activity was expressed as
nmol NADH/min/mg protein [37].
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2.2. Isolation of cardiomyocytes and in vitro drug treatment

After ketamine sedation, hearts were rapidly removed and mounted
onto a temperature-controlled (37 °C) Langendorff system. The hearts
were digested for 10-15min with a modified Tyrode solution con-
taining Liberase Blendzyme 4 (Hoffmann-La Roche Inc., Indianapolis,
IN). The modified Tyrode solution (pH 7.4) contained the following (in
mM): NaCl 135, KCl 4.0, MgCl, 1.0, HEPES 10, NaH,PO,4 0.33, glucose
10, and butanedione monoxime 10, and the solution was gassed with
5% C0,-95% O,. Tissue pieces were gently agitated and pellet of cells
was resuspended. Extracellular Ca®>* was added incrementally back to
1.20 mM over a period of 30 min. Only rod-shaped cardiomyocytes with
clear sarcomere striations were selected for mechanical studies [27].
Cardiomyocyte yield was approximately 65-75% which was not af-
fected by LPS challenge. To assess the role of ALDH2, ER stress,
CAMKKp, AMPK and autophagy in LPS-induced cardiomyocyte dys-
function and cell survival, cardiomyocytes from WT mice were exposed
to LPS (4 ug/ml) [16] for 4 h in the presence or absence of the ALDH2
inducer Alda-1 (20 uM) [21], the ER chaperone tauroursodeoxycholic
acid (TUDCA, 500 uM) [38], the CAMKKJ} inhibitor STO-609 (5 ug/ml)
[39], the AMPK inhibitor Compound C (10 uM) [40], the AMPK inducer
AICAR (500 uM) [41], the mTOR inhibitor rapamycin (5uM) [42] or
the autophagy inhibitor 3-methyladenine (3-MA, 10 mM) [43] prior to
biochemical or mechanical assessment. To assess the role of ER stress,
cardiomyocytes from WT mice were exposed to tunicamycin (3 pug/ml)
[44] for 4h in the presence or absence of 3-MA (10 mM) or Alda-1
(20 uM) with or without rapamycin (5 uM) prior to mechanical assess-
ment.

2.3. Electron microscopy

The ultrastructure of cardiomyocytes was evaluated using trans-
mission electron microscopy. In brief, mouse heart from each experi-
ment group was perfused and fixed with PIPES-buffered formaldehyde-
glutaraldehyde. Left ventricular myocardium was taken from the mid-
ventricular region and was trimmed to 1-mm? blocks. The blocks were
fixed using a 10:1 fluid/tissue ratio overnight at 4 °C. After washing
with PIPES buffer along with 2% sucrose (pH 7.4), myocardial blocks
were further processed in PIPES buffered 1% OsO,4 along with 2% su-
crose and 1.5% K3FE(CN)g3H,O overnight at 22-24°C. The blocks
were then dehydrated using graded ethanol and propylene oxide, and
were ultimately enclosed in Epon/Araldite. RMC-MTXL ultramicrotome
and a Diatome diamond knife were used to obtain thin sections.
Sections were labeled with lead citrate and uranyl acetate (in absolute
ethanol). Micrographic pictures were taken using a Hitachi 7500
transmission electron microscope [45].

2.4. Echocardiography

Cardiac geometry and function were evaluated in anesthetized
(~1% isoflurane inhalation) mice using the 2-dimensional (2-D) guided
M-mode echocardiography (Phillips Sonos 5500) equipped with a
15-6 MHz linear transducer. The heart was imaged in the 2-D mode in
parasternal long-axis view with a depth setting of 2 cm. M mode cursor
was positioned perpendicular to the interventricular septum and pos-
terior wall of left ventricle (LV) at the level of papillary muscles from 2-
D mode. LV anterior and posterior wall dimensions during diastole
(LVPWd) and systole (LVPWs) were recorded from three consecutive
cycles in M-mode using the method adopted by the American Society of
Echocardiography. Fractional shortening was calculated from LV end-
diastolic (LVEDD) and end-systolic (LVESD) diameters using the equa-
tion (LVEDD — LVESD)/LVEDD X 100. Heart rates were averaged
from 10 cardiac cycles [36].
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Fig. 1. Effect of ALDH2 overexpression on LPS-induced echocardiographic changes. WT and ALDH2 mice were challenged with LPS (4 mg/kg, i.p. for 6 h) prior to
assessment of echocardiographic properties. A: Representative echocardiographic images from all 4 mouse groups; B: body weight; C: heart weight; D: LV posterior
wall thickness in diastole (LVPWd); E: septal thickness; F: LV end diastolic diameter (LVEDD); G: LV end systolic diameter (LVESD); H: fractional shortening; and I:
heart rate. Mean = SEM; n = 8-9 mice/group, *p < 0.05 vs. WT group; #p < 0.05 vs. WT-LPS group.

2.5. Cell shortening/relengthening

Mechanical properties of cardiomyocytes were assessed using a
SoftEdge Myocam (IonOptix, Milton, MA). Cardiomyocytes were placed
in a chamber mounted on the stage of an inverted microscope (Olympus
IX-70) and superfused (~2ml/min at 25°C) with a Krebs-Henseleit
bicarbonate buffer containing 1 mM CaCl,. Myocytes were field sti-
mulated at 0.5 Hz. Cell shortening was assessed including peak short-
ening (PS), indicating peak contractility; time-to-PS (TPS), indicating
contraction duration; time-to-90% relengthening (TRo), indicating re-
laxation duration; and maximal velocities of shortening/relengthening
( = dL/dt), indicating maximal pressure development and decline [27].

2.6. Intracellular Ca®* transient

Cardiomyocytes were loaded with fura-2/AM (0.5 uM) for 10 min
and fluorescence measurements were recorded with dual-excitation
fluorescence photo multiplier tube (PMT, Ionoptix). Cardiomyocytes
were placed on an Olympus IX-70 inverted microscope and imaged
through a Fluor 40 x oil objective. Cells were exposed to light emitted
by a 75-W lamp and passed through 360 nm or a 380 nm filter, while
being stimulated to contract at 0.5Hz. Fluorescence emissions were
detected between 480 nm and 520 nm by PMT after first illuminating
cells at a 360 nm for 500 ms, then at 380 nm for the duration of the
recording protocol (333 Hz sampling rate). The 360 nm excitation scan
was repeated at the end of the protocol and qualitative changes in
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intracellular Ca®* levels were inferred from the ratio of fura-2 fluor-
escence intensity at two wavelengths (360/380). Fluorescence decay
time was assessed as an indication of intracellular Ca®>* clearing. Single
exponential curve fit was applied to calculate intracellular Ca®>* decay
rate [46].

2.7. Intracellular fluorescence measurement of superoxide (0Oz~)

Intracellular O~ was monitored by changes in fluorescence in-
tensity from intracellular probe oxidation. In brief, cardiomyocytes
were loaded with 5uM dihydroethidium (DHE) (Molecular Probes,
Eugene, OR) for 30 min at 37 °C. Cells were evaluated using an Olympus
BX-51 microscope with Olympus MagnaFire™ SP digital camera.
Fluorescence was calibrated using InSpeck microspheres (Molecular
Probes) and was quantitated using an ImagePro analysis software
(Media Cybernetics, Silver Spring, MD) [10].

2.8. Caspase-3 and lactate dehydrogenase (LDH) assay

Mouse blood samples were collected and serum prepared. Serum
LDH levels were evaluated as an index for cardiac injury using an ELISA
kit. Myocardial tissues were homogenized and centrifuged at
10,000 X g at 4 °C for 10 min. Pellets were lysed in ice-cold lysis buffer
(50 mM HEPES, 0.1% CHAPS, 1 mM dithiothreitol, 0.1 mM EDTA, 0.1%
NP40). Following tissue lysis, 70 pl of reaction buffer was added before
incubation with caspase-3 colorimetric substrate (Ac-DEVD-pNA, 20 ul)
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Fig. 2. Contractile properties of cardiomyocytes from WT and ALDH2 transgenic mice treated with or without LPS (4 mg/kg, i.p. for 6h). A: Representative cell
shortening traces from all 4 mouse groups; B: resting cell length; C: peak shortening (PS); D: maximal velocity of shortening (+dL/dt); E: maximal velocity of
relengthening (—dL/dt); F: time-to-PS (TPS); and G: time-t0-90% relengthening (TRgp). Mean + SEM, n = 122 cells from 6 mice per group. *p < 0.05 vs. WT

group, *p < 0.05 vs. WT-LPS group.

for 1h (at 37 °C). Caspase in the sample was allowed to cleave the
chromophore p-NA from its substrate. Samples were then read with a
microplate reader at 405 nm. Caspase-3 activity was expressed as pi-
comoles of pNA released per microgram of protein per minute [47].

2.9. MTT assay for cell viability

Fresh murine cardiomyocytes from various experimental groups
were plated in microtiter plate at a density of 3 x 10° cells/ml prior to
addition of MTT to with a final concentration of 0.5 mg/ml, and plates
were incubated for 2 h at 37 °C. The formazan crystals were dissolved in
dimethyl sulfoxide (150 pl/well) and were quantified spectroscopically
at 560 nm using a SpectraMax® 190 spectrophotometer.

2.10. Western blot analysis

Ventricular tissues or isolated cardiomyocytes were homogenized
and sonicated in RIPA buffer containing 20 mM Tris (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 0.1% sodium dodecyl sul-
fate (SDS), and a protease inhibitor cocktail (Roche Diagnostics,
Indianapolis, IN). Tissue or cell homogenates were resolved in SDS-
polyacrylamide gels in a mini-gel apparatus (Mini-PROTEAN II, Bio-
Rad, Hercules, CA) and proteins were transferred onto nitrocellulose
membranes, incubated overnight with various primary antibodies at
4°C. Membranes were incubated with horseradish peroxidase (HRP)-
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coupled secondary antibody for 1h at room temperature. Signal was
detected quantified with a Bio-Rad Calibrated Densitometer and the
intensity of immunoblot bands was normalized to that of GAPDH. For
reprobing, membranes were tripped with 50 mM Tris-HCl, 2% SDS and
0.1M p-mercaptoethanol. Antibodies against ALDH2 (OriGene,
TP300505), 4-hydroxy-2-nonenal (HNE) product adducts (Cayman,
#32100), the antioxidant glutathione peroxidase (GPx2, Novus,
#496010), superoxide dismutase (SOD, Sigma, S9549), TNFa (SCBT,
sc-133192), IL-6 (Cell Signaling, 12912), BIP (Cell Signaling, #3183),
GADD153 (SCBT, sc-7351), IRE (Abcam, ab37073), phosphorylated IRE
(pIRE, Ser’**, Abcam48187), elF2a (Cell Signaling, 9722), phos-
phorylated elF2a (p-elF2a, Ser®!, Cell Signaling, 9721), LC3B (Cell
Signaling, 2775), Atg5 (Cell Signaling, 2630), p62 (Cell Signaling,
5114), Pinkl (Cell Signaling, 6946), Parkin (Cell Signaling, 2132),
cleaved Caspase-3 (SCBT, sc-7272), Bax (Cell Signaling, 2772), RAB4
(Cell Signaling, 2167), RAB5a (Novus Biologicals, NB120-13253),
RAB7 (Cell Signaling, 9367S), RAB9 (Cell Signaling, 5133), CaMKK[f}
(SCBT, sc-271674), AMPK (Cell Signaling, 2532), phosphorylated
AMPK (p-AMPK, Thr'”?, Cell Signaling, 2535), mTOR (Cell Signaling,
2972), phosphorylated mTOR (p-mTOR, Ser***8, Cell Signaling, 2971),
SERCA2a (Abcam 2861), and GAPDH (Cell Signaling Technology,
Danvers, MA) were employed for immunoblotting [14].
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Fig. 3. Intracellular Ca®>* properties, SERCA oxidation and superoxide production in cardiomyocytes from WT and ALDH2 transgenic mice treated with or without
LPS (4 mg/kg, i.p. for 6h). A: Representative intracellular Ca®>* transients from all 4 mouse groups; B: resting Fura-2 fluorescence intensity (FFI); C: electrically-
stimulated rise in FFI (AFFI); D: intracellular Ca®>* decay rate; E: oxidized and total levels of SERCA2a. Insets: Representative gel blots depicting levels of DNP and
SERCA2a (GAPDH as loading control); F: representative intracellular fluorescent images depicting O, levels using DHE staining in 4 experimental groups; and G:
pooled data for O, production. Mean * SEM, n = 89-93 cells from 6 mice per group for pane B-D, n = 6-7 hearts for panel E, and n = 10-11 images for panel G.

*p < 0.05 vs. WT group, *p < 0.05 vs. WT-LPS group.

2.11. SERCA2a oxidation

Heart tissues or cardiomyocytes were sonicated and solubilized in a
buffer containing 0.5% CHAPS, 10 mM Tris-HCl, 50 mM dithiothreitol,
0.3 M sucrose at 4 °C. After centrifugation, samples were incubated with
an anti-SERCA2a antibody (Abcam 2861) overnight at 4°C. An IgG-
agarose slurry was added and rotary mixed at 4°C for 2h. Oxidized
SERCA2a was probed immunochemically using an anti-dinitrophenyl
(DNP) antibody (Sigma, D9656) after derivatization with dini-
trophenylhydrazine. =~ Total ~SERCA2a  expression after
munoprecipitation was used to normalize protein loading [38].

im-

2.12. LC3B-GFP-adenoviral transfection in H9C2 cells

Given the poor transfection efficacy and relatively short duration of
survival for murine cardiomyocytes, H9c2 cells, a clonal cell line de-
rived from fetal rat hearts, were purchased from the American Type
Culture Collection (ATCC, CRL-1446™, Manassas, VA), to assess au-
tophagy using GFP fluorescence. Cells were grown to 80% confluence
before use. Adenovirus containing the GFP-LC3 construct (provided by
Dr. Cindy Miranti from University of Arizona, Phoenix, AZ) was pro-
pagated using the HEK293 cell line. Cells were transfected with GFP-
LC3 adenovirus as described [48]. Upon plaque formation, infected
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cells were collected, washed with PBS, resuspended in culture medium,
and lysed by three cycles of freeze-thaw (37 °C). Cell debris was col-
lected by centrifugation and aliquots of supernatant with viral particles
were stored at — 80 °C. Adenovirus was purified using an Adeno-X Maxi
purification kit (631533, Clontech Laboratories, Mountain View, CA).
HO9c2 cells were grown to confluence on Lab-Tek chamber slides. Cells
were then infected at an MOI of 2 with adenoviruses expressing the
GFP-LC3 fusion protein. Medium was replaced with fresh DMEM after
6 h. Twenty-four hours later, H9c2 cells were incubated with LPS (4 pg/
ml) [16] or tunicamycin (3 pg/ml) [44] in the presence or absence of
Alda-1 (20 uM) [21] or the AMPK inducer AICAR (500 uM) [41] prior to
visualization of autophagy using fluorescence microscopy.

2.13. Data analysis

Data were expressed as mean + SEM. Statistical significance
(p < 0.05) was estimated by multi-analysis of variance followed by a
Tukey's test for post hoc analysis. All statistics was performed with
GraphPad Prism 4.0 software (GraphPad, San Diego, CA).
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Fig. 4. Effect of LPS on ultrastructure, ALDH2, antioxidant and pro-inflammatory protein markers in hearts from WT and ALDH2 transgenic mice challenged with or
without LPS (4 mg/kg, i.p. for 6 h). A: Mitochondria and sarcomere ultrastructure assessed using transmission electron microscopy in all 4 experimental groups; B:
representative gel blots depicting levels of ALDH2, HNE, GPx2, SOD, TNFa and IL6 (GAPDH as loading control); C: ALDH2 levels; D: ALDH2 activity; E: HNE levels; F:

GPx2 levels; G: SOD levels; H: TNFa levels; and I: IL-6 levels. Mean +

3. Results

3.1. ALDH2 attenuated LPS-induced changes in myocardial
echocardiographic properties

LPS challenge did not overtly affect body or heart weight in either
WT or ALDH2 mice. Echocardiographic evaluation revealed that LPS
challenge significantly increased left ventricular end systolic diameter
(LVESD) and decreased fractional shortening in WT mice consistent
with previous findings [17,49]. Although ALDH2 transgene did not
affect LVESD or fractional shortening, it abrogated LPS-induced
changes in echocardiographic properties. Neither LPS challenge nor
ALDH2 transgene, or both, altered LV posterior wall thickness during
diastole (LVPWA) or systole (LVPWs, data not shown), septal thickness,
left ventricular end diastolic diameter (LVEDD) and heart rate (Fig. 1).

3.2. ALDH2 ameliorated LPS-induced cardiomyocyte contractile and
intracellular Ca®* defects

Consistent with echocardiographic findings, LPS markedly sup-
pressed cardiomyocyte contractile function, as manifested by decreased
peak shortening (PS) and maximal velocity of shortening/relengthening
( £ dL/dt), as well as prolonged TRgo without any change in resting cell
length and TPS. ALDH2 transgene ameliorated LPS-induced cardio-
myocyte contractile anomalies without any effect itself (Fig. 2). To

SEM, n = 6-8 mice per group, *p < 0.05 vs. WT group,
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#p < 0.05 vs. WT-LPS group.

explore the possible mechanisms behind ALDH2-offered protection
against LPS exposure-induced cardiac dysfunction, intracellular Ca*
handling was evaluated using the Fura-2 fluorescence microscopy.
Cardiomyocytes displayed overtly decreased intracellular Ca** release
in response to electrical stimuli (AFFI) and prolonged intracellular Ca®*
decay with unchanged resting intracellular Ca®* (resting FFI) following
LPS treatment. ALDH2 effectively reconciled LPS-induced changes in
intracellular Ca** handling properties with little effect by itself
(Fig. 3A-D). Assessment of intracellular Ca®>* handling protein SERCA
revealed that LPS overtly increased SERCA oxidation without affecting
its pan protein expression, the effect of which was reversed by ALDH2
with little effect from the transgene itself (Fig. 3E).

3.3. ALDH2 ameliorated LPS-induced intracellular superoxide production,
ultrastructural changes, oxidant levels and inflammation

Our further study revealed that LPS challenge promoted in-
tracellular superoxide (O5 ) production as evidenced by DHE staining.
ALDH2 obliterated LPS-induced changes in O, production without
any effect by itself (Fig. 3F-G). Transmission electronic microscopy
(TEM) was used to evaluate the ultrastructure of sarcomere and mi-
tochondria. Our data presented in Fig. 4A depicted pronounced cy-
toarchitectural aberrations such as disrupted mitochondria, distortion
of sarcomeres and myofilaments in LPS-challenged myocardium, the
response was largely attenuated by ALDH2 without notable
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Fig. 5. ER stress markers in hearts from WT and ADLH2 mice treated with or without LPS (4 mg/kg, i.p. for 6 h). A: Representative gel blots depicting levels of the ER
stress markers (GAPDH used as loading control); B: BIP; C: GADD153; D: p-IRE; E: IRE; F: p-IRE to IRE ratio; G: p-eIF2a; H: elF2a; and I: p-eIlF2a to elF2a ratio.
Mean + SEM, n = 5-6 mice per group, *p < 0.05 vs. WT group; #p < 0.05 vs. WT-LPS group.

ultrastructural change from ALDH2 transgene itself. To examine the
potential mechanism of action behind ALDH2-offered beneficial effects
against LPS-induced myocardial injury, we went on to evaluate the
levels and activity of ALDH2, the ALDH2 substrate 4-hydroxy-2-
nonenal (HNE) protein adducts, antioxidant glutathione peroxidase
(GPx2) and superoxide dismutase (SOD) as well as proinflammatory
protein markers TNFa and IL-6. Our data suggested that LPS exposure
significantly suppressed activity but not protein levels of ALDH2, up-
regulated levels of HNE product adducts, GPx2, TNF-a and IL-6 while
downregulating that of SOD, the effects of which were negated by
ALDH2. ALDH2 transgene overtly increased ALDH2 protein levels and
enzyme activity without affecting the levels of HNE protein adducts,
GPx2, SOD, TNF-a and IL-6 (Fig. 4B-I).

3.4. Effect of ALDH2 overexpression on LPS-induced myocardial ER stress
response

As shown in Fig. 5, our western blot analysis demonstrated that LPS
treatment induced a robust ER stress response as evidenced by rises in
ER stress protein markers including BIP, GADD153, phosphorylation of
IRE and elF2a, the effect of which was attenuated by ALDH2 over-
expression. ALDH2 transgene itself did not affect ER stress itself.
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3.5. Effect of ALDH2 transgene on LPS-induced myocardial autophagy,
mitophagy and apoptosis

To detect autophagy, Parkin-dependent mitophagy and apoptosis,
levels of autophagy, mitophagy and apoptosis protein markers LC3B,
Atg5, p62, Pink1, Parkin, Bax and cleaved Caspase-3 as well as Capase-
3 activity were evaluated. Our results showed that LPS challenge trig-
gered an overt increase in LC3B II, LC3B II to LC3B I ratio, Atg5, p62,
Pinkl, Parkin, Bax, and cleaved Capase-3 protein levels as well as
Caspase-3 activity, the effects of which were nullified by ALDH2.
ALDH?2 itself did not affect autophagy or apoptosis (Fig. 6).

3.6. Effect of ALDH2 transgene on LPS-induced endosomal formation and
cell death

To detect endosomal formation (participating in ER tabulation, ER
contacts with other organelles, membrane trafficking among Golgi
complex, and autophagosome formation [35]), overall cell death and
survival, levels of endosomal formation and cardiomyocyte injury were
examined using the early endosomal markers RAB4 and RAB5a, the late
endosomal markers RAB7 and RAB9, MTT assay and serum LDH assay.
Our results showed that LPS challenge triggered a rise in RAB4, RAB5a
and serum LDH levels along with decreased levels of RAB7, RAB9 and
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Fig. 6. Autophagy, mitophagy and apoptosis markers in hearts from WT and ALDH2 mice treated with or without LPS (4 mg/kg, i.p. for 6 h). A: Representative gel
blots depicting levels of the autophagy and mitophagy markers (GAPDH used as loading control); B: LC3B I; C: LC3B II; D: LC3B II to LC3B I ratio; E: Atg5; F: p62; G:
Pink1; H: Parkin; I: Bax; J: cleaved Caspase-3, insets: Representative gel blots depicting Bax and Caspase-3 (GAPDH as loading control) using specific antibodies; and
K: Caspase-3 activity assay using caspase-3 colorimetric substrate (Ac-DEVD-pNA). Mean + SEM, n = 5-6 mice per group, *p < 0.05 vs. WT group; “p < 0.05 vs.

WT-LPS group.

MTT cell survival rate, the effects of which were rescued by ALDH2.
ALDH?2 itself did not affect endosome formation or cell death (Fig. 7).

3.7. Effect of ALDH2 on LPS-induced changes in AMPK, mTOR and
CaMKKSp signaling

To explore the possible mechanisms behind LPS- and ALDH2-in-
duced autophagy and contractile response, the essential autophagy
regulatory signaling cascade AMPK/mTOR [50,51] was examined.
Western blot analysis showed that LPS challenge significantly increased
phosphorylation of AMPK while depressing the phosphorylation ratio of
mTOR, the effect of which was negated by ALDH2. In an effort to seek
regulatory factors linking ER stress and AMPK signaling, level of
CaMKKSp, a downstream factor of UPR [32,33] and an upstream reg-
ulator of AMPK [31], was scrutinized. Our data revealed that LPS up-
regulated CaMKKp levels, the effect of which was ameliorated by
ALDH2 with little effect from ALDH2 itself (Fig. 8). These data sup-
ported the notion that LPS promotes ER stress to trigger CaMKKp-
AMPK-mTOR-mediated autophagy, the effect of which was interrupted
by ALDH2.
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3.8. Role of ER stress, CAMKKp, AMPK and autophagy in ALDH2-offered
protection against LPS-induced cell stress and mechanical dysfunction

In vitro study was performed to examine the effect of LPS on car-
diomyocyte function and various cell stress in the absence or presence
of the ALDH2 activator Alda-1 (20uM), the ER chaperone TUDCA
(500 uM), the CAMKKS inhibitor STO-609 (5 pg/ml), or the AMPK in-
hibitor compound C (10 uM), or the autophagosome formation inhibitor
3-methyladenine (3-MA, 10 mM). A cohort of cardiomyocytes was
treated with LPS and the ALDH2 activator alda-1 in the absence or
presence of the mTOR inhibitor rapamycin (5 uM) or the AMPK inducer
AICAR (500 uM) to monitor the mechanical function. Our data revealed
that LPS exposure triggered overt ER stress, the effect of which was
reconciled by Alda-1 and TUDCA but not STO-609, Compound C or 3-
MA (Fig. 9A). However, LPS-induced rise in CAMKKf} was rescued by
Alda-1, TUDCA and STO-609 but not Compound C or 3-MA (Fig. 9B).
Furthermore, LPS-induced SERCA oxidation was obliterated by all
pharmacological agents tested (Alda-1, TUDCA, STO-609, Compound C
and 3-MA) (Fig. 9C). Pan protein expression of SERCA2a was unaffected
by LPS nor any of the pharmacological agents (Fig. 9D). These dis-
crepancies favored that CAMKK[( might occur upstream of oxidative
stress albeit downstream of ER stress. Our data revealed that LPS
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Fig. 7. Early and late endosomal markers and cell death in hearts from WT and ADLH2 mice treated with LPS (4 mg/kg, i.p. for 6 h). A: RAB4; B: RAB5A; C: RAB7; D:
RABY; insets: Representative gel blots depicting early endosomal markers RAB4 and RAB5 as well as the late endosomal markers RAB7 and RAB9 (GAPDH used as
loading control); E: cell survival assay using MTT assay; and F: serum LDH levels (indicative of cardiomyocyte cell death). Mean + SEM, n = 6-7 mice per group,

*p < 0.05 vs. WT group; *p < 0.05 vs. WT-LPS group.

exposure significantly decreased peak shortening, + dL/dt and pro-
longed TRy without affecting TPS, the effect of which was abolished by
alda-1, 3-MA or Compound C. However, the beneficial effect of alda-1
was negated by the mTOR inhibitor rapamycin and the AMPK inducer
AICAR (Fig. 9E-J). Our data suggested that treatment of Alda-1 (20 pM)
increased ALDH2 activity by approximately 75% in cardiomyocytes
from WT mice although such effect was essentially masked by ALDH2
transgene (Supplemental Fig. S1).

3.9. Effect of ALDH2 and autophagy inhibition on ER stress-induced
cardiomyocyte dysfunction

To discern the correlation between ER stress and autophagy in
ALDH2-offered beneficial effect against LPS, effect of the ER stress in-
ducer tunicamycin on cardiomyocyte contractile function was ex-
amined in the absence or presence of the autophagy inhibitor 3-MA
(10 mM), the ALDH2 activator Alda-1 (20 uM), or the autophagy in-
ducer rapamycin (5uM). Our observations revealed that tunicamycin
incubation significantly decreased peak shortening, + dL/dt and pro-
longed TRo, without affecting resting cell length and TPS, the effects of
which were ameliorated by 3-MA or Alda-1. Interestingly, the beneficial
effect of Alda-1 was ablated by the autophagy inducer rapamycin
(Fig. 10).
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3.10. Effect of Alda-1 and autophagy induction on LPS-/ER stress-induced
proinflammatory cytokine expression

To better understand the correlation among ER stress, autophagy
and inflammation in LPS-induced cellular responses, isolated cardio-
myocytes from WT mice were incubated with LPS (4 ug/ml) for 4h in
the absence or presence of the ALDH2 activator Alda-1 (20 uM) or tu-
nicamycin (3 ug/ml) in the presence or absence of the autophagy in-
ducer rapamycin (5 uM) prior to the assessment of the proinflammatory
cytokine IL-6. Our data shown in Fig. S2 revealed that LPS and tuni-
camycin upregulated the levels of IL-6, the effects of which were ab-
lated by Alda-1 treatment. Interestingly, induction of autophagy using
rapamycin nullified Alda-1-offered beneficial effect against LPS- or ER
stress-induced upregulation of IL-6. These data favored a possible
downstream role for inflammation in LPS- and ALDH2-induced re-
sponses in ER stress and autophagy.

3.11. Effect of activation of ALDH2 and AMPK on LPS or ER stress-induced
autophagosome accumulation in H9c2 cells

To determine if LPS-induced rise in autophagosome accumulation
was due to changes in ER stress and AMPK, H9c2 myoblasts were
transfected with an adenovirus expressing GFP-LC3 fusion protein for
24 h prior to exposure of LPS (4 ug/ml) or the ER stress inducer tuni-
camycin (3 ug/ml) for 4h, in the absence or presence of the ALDH2
activator Alda-1 (20 uM) or the AMPK activator AICAR (500 uM). Data
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Fig. 8. Autophagy regulatory signaling in hearts from WT and ADLH2 mice treated with LPS (4 mg/kg, i.p. for 6 h). A: Representative gel blots depicting levels of
CAMKKS, pan and phosphorylated AMPK and mTOR (GAPDH used as loading control); B: CaMKKJ; C: p-AMPK; D: AMPK; E: p-AMPK to AMPK ratio; F: p-mTOR; G:
mTOR; and H: p-mTOR to mTOR ratio. Mean = SEM, n = 6 mice per group, *p < 0.05 vs. WT group; #p < 0.05 vs. WT-LPS group.

in Fig. 11 revealed that LPS significantly promoted autophagosome
formation, the effect of which was abrogated by Alda-1. Interestingly,
stimulation of AMPK using AICAR nullified the Alda-1-conferred pro-
tection against LPS without eliciting any effect itself. In addition, tu-
nicamycin mimicked LPS-induced autophagosome formation, the effect
of which was ablated by Alda-1. These data indicate a key role for
autophagosome formation in ALDH2-induced protection against
LPS-elicited change in autophagy.

4. Discussion

Although earlier findings from our lab has depicted a beneficial role
for antioxidants and ER chaperone in septic cardiomyopathy [16,17],
the interplay between oxidative stress and ER stress still remains elu-
sive. In particular, antioxidant therapy failed to rescue altered autop-
hagy and inflammation in septic hearts [16]. The salient findings from
our present study revealed that ALDH2 protected against endotoxemia-
induced cardiac injury possibly through ER stress-CaMKK{3/AMPK/
mTOR-mediated regulation of autophagy, resulting in lessened pro-
duction of intracellular O, and HNE protein adducts along with
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changes in anti-oxidants, SERCA oxidation, necrosis, apoptosis and in-
flammation. LPS challenge resulted in echocardiographic and ultra-
structural abnormalities (consistent with overt necrosis/apoptosis),
cardiomyocyte contractile dysfunction, and intracellular Ca®* mis-
handling, the effects of which were ameliorated by ALDH2. In vitro
studies revealed that inhibition of autophagy using 3-MA or AMPK in-
hibitor compound C effectively disengaged LPS-induced detrimental
mechanical and proinflammatory effects as well as SERCA oxidation
(but not ER stress or CAMKKJ elevation), in a manner reminiscent of
Alda-1. On the other hand, AMPK nullified ALDH2-induced benefit
against LPS-induced cardiac dysfunction and autophagosome forma-
tion. These data favored a unique role for ALDH2 in obliterating LPS-
induced cardiac injury via suppression of ER stress, early endosomes,
and CaMKKB/AMPK/mTOR-mediated autophagy excess. Our findings
depicted an anti-inflammatory, anti-apoptotic, anti-necrotic and anti-
oxidant responses likely downstream of ER stress and autophagy in
ALDH2-offered cardiac benefits in endotoxemia (depicted in Fig. 12).
These findings collectively suggested a therapeutic potential of ALDH2
in septic heart injury and indicated the potential clinical relevance of
ALDH2 mutation in the setting of septic cardiomyopathy.
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Fig. 9. Role of CAMKKf, AMPK and autophagy in ALDH2-offered protection against LPS-induced changes in ER stress, CAMKK, SERCA oxidation and cardiac
function. Isolated cardiomyocytes from WT mice were incubated with LPS (4 ug/ml) for 4 h in the absence or presence of the ALDH2 activator Alda-1 (20 uM), the
CAMKKS inhibitor STO-609 (5 pug/ml), the ER chaperone TUDCA (500 uM), the autophagy inhibitor 3-methlyadenine (3-MA, 10 mM), the mTOR inhibitor rapamycin
(5 uM), the AMPK inducer AICAR (500 pM), or the AMPK inhibitor compound C (10 uM) prior to the assessment of protein expression or mechanical properties. A: ER
stress assessed using BIP; B: CAMKKP levels; C: oxidation of SERCA2a (using DNP) normalized to SERCA2a; D: SERCA2a level; E: resting cell length; F: peak
shortening (PS); G: maximal velocity of shortening (+ dL/dt); H: maximal velocity of relengthening (—dL/dt); I: time-to-peak shortening (TPS); and J: time-to-90%
relengthening (TRgp). Mean *= SEM, n = 5-6 isolations for panels A-D and 56-62 cells from 3 mice per group for panels E-J, *p < 0.05 vs. control group,
#p < 0.05 vs. LPS group, ¥p < 0.05 vs. LPS-Alda-1 group.

Septic cardiomyopathy is featured by dampened cardiac con- Interestingly, ALDH2 protected against LPS-induced ultrastructural,
tractility and compliance [3]. The major component of bacterial outer mechanical and intracellular Ca%™ abnormalities, consistent with the
membrane LPS plays an important role in the onset of cardiac anoma- earlier notions for a beneficial role of the mitochondrial enzyme ALDH2
lies in sepsis [52]. Unfavorable functional changes are documented in in cardiac pathologies including ischemia-reperfusion injury [25], dia-
LPS-induced murine models as manifested by overtly compromised betic cardiomyopathy [37], obesity cardiac dysfunction [29], dilated
ultrastructure, contractile function, intracellular Ca®™" properties and cardiomyopathy [54] and alcoholic cardiomyopathy [55]. ALDH2 of-
prolonged systolic/diastolic duration in the heart [36,53]. In our hands, fered benefit of intracellular Ca®™ handling may be related to its ben-
LPS challenge led to decreased fractional shortening, enlarged LVESD, eficial effect against oxidative stress (such as production of HNE protein
reduced peak shortening, = dL/dt, prolonged diastolic duration, in- adducts and intracellular O, ), resulting in alleviated oxidation of
tracellular Ca®>* mishandling, ultrastructural disarray in myofilament SERCA and improved Ca®>* handling. LPS did not affect total expression
and mitochondria along with unchanged LVEDD, LV wall and septal of SERCA, which is supported by previous report [56]. The elevated
thickness. The decreased fractional shortening, enlarged LVESD, re- SERCA oxidation would also favor development of intracellular Ca®*
duced peak shortening and * dL/dt in response to LPS challenge are mishandling and diastolic dysfunction. Of note, our earlier findings
consistent with elevated necrosis (decreased MTT survival and elevated denoted a beneficial role of ALDH2 against ER stress-induced cardiac
LDH levels) and apoptosis (Bax and Caspase-3), denoting systolic dys- dysfunction [28], in line with our current findings. Our results revealed
function. On the other hand, prolonged diastolic duration and in- overtly elevated ER stress as evidenced by BIP, GADD153, p-IRE to IRE
tracellular Ca®>* mishandling support presence of diastolic dysfunction ratio, and p-elF2a to elF2a ratio and oxidative stress as evidenced by
in sepsis (which may also be resulted from necrosis and apoptosis). HNE protein adducts, O,  production, elevated GPx2 (a likely
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Fig. 10. Effect of ALDH2 and autophagy inhibition in ER stress-induced cardiomyocyte contractile dysfunction. Isolated cardiomyocytes from WT mice were in-
cubated with the ER stress inducer tunicamycin (TUN, 3 ug/ml) for 4 h in the absence or presence of the autophagy inhibitor 3-MA (10 mM), the ALDH2 activator
Alda-1 (20 uM) or the autophagy inducer rapamycin (5 M) prior to the assessment of mechanical properties. A: Resting cell length; B: peak shortening (PS); C:
maximal velocity of shortening (+dL/dt); D: maximal velocity of relengthening (—dL/dt); E: time-to-peak shortening (TPS); and F: time-to-90% relengthening
(TRgp). Mean = SEM, n = 39-43 cells per group, *p < 0.05 vs. control group, “p < 0.05 vs. TUN group, 'p < 0.05 vs. TUN-Alda-1 group.

compensatory response) and decreased SOD levels following LPS
challenge. IRE1, PERK and ATF6 comprise the three main branches for
ER stress. IRE1 promotes apoptosis and autophagy through ERK/JNK
pathway, while PERK activation enhances anti-oxidative proteins and
pro-apoptotic proteins through the signal elF2a. Our data confirmed
changes in anti-oxidative proteins GPx2 and SOD, as well as the pro-
apoptotic Bax and Caspase-3, supporting the ALDH2- and LPS-induced
overall necrosis and apoptosis presentation. AFT6, on the other hand, is
directly related to lipid metabolism. BIP serves as an upstream ER
chaperone to turn on all three players IRE1, PERK and ATF6. GADD153
is a downstream protein of ER stress closely related to apoptosis. Our
results favored IRE1 and elF2a as the main ER stress pathways in LPS-
induced endotoxemic model. ALDH2 effectively mitigated LPS-induced
ER stress, suggesting a role for ER stress in ALDH2-offered benefit
against endotoxemia.

Autophagy is essential to maintain cardiac homeostasis [57,58]. Our
data shown in Fig. 11 suggested that autophagy served as a downstream
target for Alda-1-induced responses in the face of LPS and tunicamycin
challenge. This notion (as depicted in Fig. 12) also received support
from mechanical findings in Figs. 9-10 where inhibition of autophagy
nullified LPS- and ER stress-induced cardiomyocyte contractile dys-
function, while induction of autophagy negated Alda-1-offered bene-
ficial effect against ER stress inducer tunicamycin. ER stress induces
autophagy via IRE1/JNK/p38- [59,60], ATF4- [61] and Akt/mTOR-
[44] mediated mechanisms. Our findings revealed a possible role for
the CaMKKfB/AMPK/mTOR signaling cascade in bridging ER stress and
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autophagy in endotoxemia as depicted in Fig. 12. Our results noted
elevated autophagy and mitophagy (Pinkl-Parkin) markers and GFP-
LC3 autophagosomes upon LPS challenge, which was ameliorated by
ALDH2. Levels of p62, an autophagy adaptor for lysosome degradation,
were elevated along with LC3B, suggesting transient accumulation of
autophagosomes in the face of overwhelmed autophagy. This result was
also supported by the beneficial effect of the autophagy inhibitor 3-MA,
and detrimental effect of autophagy inducer rapamycin (via inhibition
of mTOR) in cardiomyocyte function. AMPK inhibitor compound C
rescued against LPS-induced cardiac contractile dysfunction but not ER
stress, while the AMPK inducer AICAR or rapamycin nullified ALDH2-
offered protection against LPS, favoring a role for AMPK and autophagy
in ALDH2-offered beneficial effect against LPS/ER stress. CaMKKp, an
important upstream regulator of AMPK [62,63], is sensitive to Ca®*
abnormality in ER stress. Our data presented in Fig. 9A-B also con-
firmed that ER stress may serve as an upstream regulator for CaMKKf3/
AMPK signaling. Earlier studies showed overtly increased CaMKK(
level in ER stress [32,64] and obese hearts [29], in line with our current
findings. To this end, it is plausible to speculate that CaMKKJ serves as
a springboard between ER stress and AMPK activation, ultimately re-
sulting in excess autophagy (Fig. 12). This is consistent with our recent
report that ALDH2 protects against obesity cardiomyopathy through a
CaMKKpB-AMPK-mediated regulation of autophagy [29].

Data from our study revealed elevated levels of protein markers for
early endosomal pathway (RAB4 and RAB5a) and decreased late en-
dosome formation (RAB7 and RAB 9) in response to LPS challenge, the



J. Pang, et al.

A. Control

F. LPS-Alda-1-AICAR

G. Tunicamycin

BBA - Molecular Basis of Disease 1865 (2019) 1627-1641

C. Alda-1 D. LPS-Alda-1

%
(&}
S
o
=%
<
S
3}
S
3
o
[
£
=
7]
o
o
©
Q
=
o
w
o

Fig. 11. Role of AMPK and ER stress in ALDH2-offered protection against LPS-induced autophagy induction. H9c2 cells were transfected with adenovirus for 24 h to
express the GFP-LC3 fusion protein. Cells were then exposed to LPS (4 ug/ml) for 4 h in the absence or presence of the ALDH2 activator Alda-1 (20 uM), the AMPK
activator AICAR (500 uM) the AMPK inhibitor Compound C (10 pM) or the ER stress inducer tunicamycin (3 pg/ml). A-H: Representative images depicting GFP-LC3
puncta in H9¢2 cells; Arrowheads denote the GFP-LC3 autophagosomes; and I: Percentage of cells with autophagosomes. Cells with 10+ punctate spots were scored
as positive for autophagosomes. Mean + SEM, n = 6-7 images per group, *p < 0.05 vs. control group, #p < 0.05vs. LPS or tunicamycin group, p < 0.05vs. LPS-

Alda-1 group,

effect of which was ablated by ALDH2. These Ras-related small GTPases
regulate ER tabulation, ER contacts, membrane trafficking among Golgi
complex, endosome, and autophagosome formation [35]. Moreover,
activation of Ras will target cell surface proteins for lysosomal de-
gradation, an endocytotic event promoting both cell death (e.g., apop-
tosis, necrosis and autophagic cell death) and cell survival, depending
on factors such as relative abundance and subcellular localization of
functionally distinct Ras isoforms. RAB 4 and RAB5a are vital for early
endocytic pathway whereas RAB7 and RAB9 regulate late endosome
transport. These small GTPases govern autophagy process and serve as
the molecular ‘switches’ to regulate the formation, transport, tethering,
and fusion of transport vesicles [34,35]. Our observation of elevated
early endosome formation (RAB4 and RAB5a) supports increased au-
tophagosome formation (LC3B, Pinkl-Parkin and Beclinl) while de-
creased late endosome formation (RAB7 and RAB 9) supports dam-
pened fusion with lysosomes (elevated p62) in the face of LPS
challenge. These findings also provide an “endosome” connection be-
tween ER (given the nature of ER localization for Ras-related small
GTPases) and autophagy.

Data from our current study also indicated that ALDH2 or Alda-1
resisted LPS-induced proinflammatory cytokines including TNFa and
IL-6, consistent with the anti-inflammatory property of ALDH2 in other
pathological settings [24,65,66]. It is difficult to discern the origin of
these cytokines. Pro-inflammatory mediators (such as TNF-a and IL-6)
are mainly secreted by monocytes and macrophages with some con-
tributions from cardiomyocytes and endothelial cells [67,68]. Data
from Fig. S2 also depicted that inflammation might serve as a down-
stream target for Alda-1-elicited response against LPS and ER stress.
More importantly, induction of autophagy using rapamycin ablated
Alda-1-induced benefits against LPS and ER stress in the level of the
proinflammatory cytokine IL-6. It should be noted that ALDH2 may also
elicit undesirable cardiac functional sequelae in certain conditions such
as aging [69]. Although the underlying mechanism for this apparent
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discrepancy remains elusive, ALDH2 requires NAD " as its cofactor thus
creating a competition with the longevity regulator Sirtl (NAD " -de-
pendent) to compromise aging process. Although mitochondrial loca-
lization of ALDH2 carries detoxification capacity of aldehydes, our
ALDH2 transgenic mouse model does not restrict the overexpression
solely in mitochondria. Further study is needed to discern the NAD*
requirement and intracellular localization of ALDH2 in endotoxemia.

In summary, findings from our current study help to advance the
field in several ways. (1). Our data should shed some lights towards
understanding the interplay among the discrete components in sepsis,
namely ER stress, endosome formation, oxidative stress, autophagy and
apoptosis. ALDH2 protects against LPS-induced cardiac dysfunction
possibly through suppression of ER stress, early endosome formation,
CAMKKB/AMPK/mTOR pathway, and autophagy, leading to preserved
mitochondrial O, levels, oxidative stress (such as HNE protein adducts
and SERCA oxidation) and attenuation of inflammation (Fig. 12). (2).
Our findings support a beneficial role for ALDH2 in the maintenance of
cardiac homeostasis in endotoxemia. Targeting ALDH2 enzyme may
offer some promises in the therapeutics of sepsis and septic cardio-
myopathy in particular in patients with ALDH2 mutation although
further clinical validation is warranted.
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contractile function. LPS triggers ER stress and suppresses ALDH2 activity, leading to activation of CaMKK( and AMPK to suppress mTOR signaling, ultimately
resulting in excess autophagy. LPS exposure also prompts oxidative stress, inflammation and mitochondrial injury, which may happen as a result of excessive
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formation (RAB7, RAB9) to retard autophagolysosome formation. ALDH2 counters ER stress, oxidative stress, inflammation, early endosome formation, and excessive
autophagy to preserve mitochondrial integrity and cardiac function. Arrowheads denote stimulation whereas the lines with a “T” ending represent inhibition.
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