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ABSTRACT

Aim: Paraquat, a quaternary nitrogen herbicide, is a highly toxic prooxidant resulting in multi-organ failure including the
heart although the underlying mechanism still remains elusive. This study was designed to examine the role of the cellular
fuel sensor AMP-activated protein kinase (AMPK) in paraquat-induced cardiac contractile and mitochondrial injury. Results:
Wild-type and transgenic mice with overexpression of a mutant AMPK �2 subunit (kinase dead, KD), with reduced activity
in both �1 and �2 subunits, were administered with paraquat (45 mg/kg) for 48 h. Paraquat elicited cardiac mechanical
anomalies including compromised echocardiographic parameters (elevated left ventricular end-systolic diameter and
reduced factional shortening), suppressed cardiomyocyte contractile function, intracellular Ca2+ handling, reduced cell
survival, and overt mitochondrial damage (loss in mitochondrial membrane potential). In addition, paraquat treatment
promoted phosphorylation of AMPK and autophagy. Interestingly, deficiency in AMPK attenuated paraquat-induced cardiac
contractile and intracellular Ca2+ derangement. The beneficial effect of AMPK inhibition was associated with inhibition of
the AMPK-TSC-mTOR-ULK1 signaling cascade. In vitro study revealed that inhibitors for AMPK and autophagy attenuated
paraquat-induced cardiomyocyte contractile dysfunction. Conclusion: Taken together, our findings revealed that AMPK may
mediate paraquat-induced myocardial anomalies possibly by regulating the AMPK/mTOR-dependent autophagy.
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Autophagy is a highly coordinated intracellular lysosomal-
mediated catabolic process that degrades damaged or dysfunc-
tional proteins, cytoplasmic components, and intracellular or-
ganelles (Klionsky and Emr, 2000; Levine and Klionsky, 2004). It is
essential to maintain cellular homeostasis in which removal of
dysfunctional components and replacement with newly synthe-
sized ones occurs dynamically. Autophagy can be turned on in
response to starvation, protein aggregation, oxidative stress, and
the damage that affects distinct cytoplasmic organelles (Levine
and Klionsky, 2004; Niso-Santano et al., 2011). It has been sug-
gested that basal level of autophagy can be cardioprotective and
play a pivotal role in the maintenance of cardiac geometry and

function (Kuma et al., 2004; Nakai et al., 2007; Nemchenko et al.,
2011). Not surprisingly, autophagy can serve as a double-edged
sword with both beneficial and detrimental effects in heart.
Whereas certain studies have shown that autophagy may be
protective in a number of heart diseases including ischemia-
reperfusion injury and pressure overload-induced cardiac hy-
pertrophy (Kassiotis et al., 2009; Nakai et al., 2007; Nemchenko
et al., 2011; Xu et al., 2013a), others suggest that excessive or un-
controlled autophagy may lead to loss of functional protein, de-
pletion of essential molecules, oxidative stress, collapse of cel-
lular catabolic machinery, and ultimately autophagic cell death
in the heart (Nemchenko et al., 2011; Xie et al., 2011).
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Paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride), a
widely used non-selective herbicide, is known to result in
multiple organ damage and failure (Cristovao et al., 2009). Epi-
demiological studies have suggested that prolonged exposure
of paraquat could increase the risk of developing Parkinson’s
disease in human subjects (Dagda et al., 2013; Liou et al., 1997).
Paraquat, reminiscent of the dopaminergic neurotoxin MPP+,
may deplete dopaminergic neurons in the midbrain, en route to
apoptotic cell death (McCormack et al., 2002; Niso-Santano et al.,
2006, 2011; Peng et al., 2004). A number of cellular mechanisms
have been proposed for paraquat-induced cell injury including
inhibition of mitochondrial oxidative phosphorylation and
interruption of mitochondrial respiration chain, resulting in
impaired energy metabolism, proteasomal dysfunction, and
oxidative stress (Alexi et al., 2000; Gonzalez-Polo et al., 2004;
McCormack et al., 2005; Niso-Santano et al., 2010; Tawara et al.,
1996). Recent studies suggest that paraquat compromises
myocardial survival and contractile function, en route to car-
diopulmonary failure (Chan et al., 2007; Ge et al., 2010; Koo
et al., 2002; Li et al., 2007). It has shown that paraquat could
induce autophagy as evidenced by elevated autophagic markers
such as Beclin-1, LC3 II, p62 degradation, and mammalian
target of rapamycin (mTOR) dephosphorylation (Gonzalez-Polo
et al., 2007; Niso-Santano et al., 2011). However, a number of
neurological studies suggested that paraquat possibly promotes
protein aggregation and blocks autophagy due to impaired basal
autophagy (Garcia-Garcia et al., 2013; Manning-Bog et al., 2002,
2003). Nonetheless, whether and how autophagy is involved in
paraquat-induced myocardial dysfunction still remains unclear.

The AMP-activated protein kinase (AMPK), a master regu-
lator of several metabolic processes, acts as an autophagy in-
ducer by directly phosphorylating TSC2 to activate the Rheb-
GTPase, leading to suppressed mTOR complex 1 (mTORC1) and
autophagy activation (Gottlieb, 2012; Inoki et al., 2003; Tripathi
et al., 2013; Wullschleger et al., 2006). AMPK can also directly
phosphorylate and activate unc-51-like kinase 1 (ULK1) to turn
on autophagy independent of mTORC1 (Egan et al., 2011; Kim
et al., 2011; Lee et al., 2010; Tripathi et al., 2013). However, acti-
vated ULK1 may participate in a negative feedback mechanism
to suppress AMPK activity (Loffler et al., 2011). To this end, this
study took advantage of a transgenic mouse model with over-
expression of mutant AMPK�2 subunit to examine the impact
of AMPK deficiency on paraquat-induced myocardial dysfunc-
tion and the underlying mechanisms with a special focus on au-
tophagy.

MATERIALS AND METHODS

Experimental animals and paraquat treatment. All animal experi-
mental procedures carried out here were approved by the An-
imal Use and Care Committees at the University of Wyoming
(Laramie, WY). Adult muscle-specific AMPK kinase dead (KD)
transgenic mice that express a KD rat �2 isoform (K45R muta-
tion) and their wild-type (WT) littermates C57BL/6 were used as
described (Mu et al., 2001; Russell et al., 2004). AMPK KD mice
were genotyped using polymerase chain reaction (PCR) tech-
nique. The PCR primers used were: GGT CGA CGG TAT CGA TAA
GCT TGA TAT C (forward) and GAA GGA ACC CGT TGG AGG ACT
GGA GGC GAG G (reverse) (Mu et al., 2001; Turdi et al., 2011).
All mice were housed in a temperature-controlled room (22.8
± 2.0◦C, 45–50% humidity) under a 12 h/12 h light/dark and al-
lowed access to food and tap water ad libitum. For acute paraquat
challenge, 4-month-old mice of both sex were delivered a sin-

gle intraperitoneal injection of paraquat (45 mg/kg, ∼100 �l,
paraquat dichloride, Sigma-Aldrich, St. Louis, MO) or the vehicle
saline, and were examined 48 h later (Day and Crapo, 1996). Body
weight was recorded before and after treatment of paraquat or
vehicle.

Echocardiographic assessment. Cardiac geometry and function
were evaluated in anesthetized (ketamine 80 mg/kg and xy-
lazine 12 mg/kg, i.p.) mice using the two-dimensional guided
M-mode echocardiography (Philips SONOS 5500) equipped with
a 15–6 MHz linear transducer. Left ventricular (LV) anterior and
posterior wall dimensions during diastole and systole were
recorded from three consecutive cycles in M mode using the
method adopted by the American Society of Echocardiogra-
phy. Fractional shortening was calculated from LV end-diastolic
(LVEDD) and end-systolic (LVESD) diameters using the equation
(LVEDD − LVESD)/LVEDD*100. Echocardiographic LV mass was
estimated by [(LVEDD + septal wall thickness + posterior wall
thickness)3 − LVEDD3] × 1.055, where 1.055 (mg/mm3) is the den-
sity of myocardium. Heart rates were averaged over 10 consecu-
tive cycles (Ren et al., 2008).

Cardiomyocyte isolation. After ketamine/xylazine sedation,
hearts were rapidly removed from anesthetized 4-month-old
adult mice of both sex and were mounted onto a temperature-
controlled (37◦C) Langendorff system. After perfusing with a
modified Tyrode solution (Ca2+ free) for 2 min, the heart was
digested for 16–20 min with a Ca2+-free KHB buffer containing
Liberase Blendzyme 4 (Hoffmann-La Roche Inc., Indianapolis,
IN). The modified Tyrode solution (pH 7.4) contained the follow-
ing (in mM): NaCl 135, KCl 4.0, MgCl2 1.0, HEPES 10, NaH2PO4

0.33, glucose 10, and butanedione monoxime 10, and the solu-
tion was gassed with 5% CO2–95% O2. The digested heart was
then removed from the cannula and left ventricle was cut into
small pieces in the modified Tyrode’s solution. Tissue pieces
were gently agitated and pellet of cells was resuspended. Extra-
cellular Ca2+ was added incrementally back to 1.20 mM over a
period of 30 min. A yield of at least 60–70% viable rod-shaped
cardiomyocytes with clear sarcomere striations was achieved.
Only rod-shaped cardiomyocytes with clear edges were selected
for mechanical and intracellular Ca2+ studies (Li et al., 2007).

Cell shortening/relengthening. Mechanical properties of myocytes
were assessed using a SoftEdge Myocam system (IonOptix Cor-
poration, Milton, MA). IonOptix SoftEdge software was used
to capture changes in cardiomyocyte length during shortening
and relengthening. In brief, cardiomyocytes were placed in a
Warner chamber mounted on the stage of an inverted micro-
scope (Olympus IX-70) and superfused (∼1 ml/min at 25◦C) with
a buffer containing (in mM) 131 NaCl, 4 KCl, 1 CaCl2, 1 MgCl2,
10 glucose, and 10 HEPES at pH 7.4. Myocytes were field stim-
ulated with supra-threshold voltage at a frequency of 0.5 Hz
(unless otherwise stated), 3 ms duration, using a pair of plat-
inum wires placed on opposite sides of the chamber connected
to a FHC stimulator (Brunswick, NE). The myocyte being studied
was displayed on the computer monitor using an IonOptix My-
oCam camera. IonOptix SoftEdge software was used to capture
changes in cell length during shortening and relengthening. Cell
shortening and relengthening were assessed using the following
indices: peak shortening (PS)—the amplitude myocytes short-
ened on electrical stimulation, which is indicative of peak ven-
tricular contractility; time-to-PS (TPS)—the duration of myocyte
shortening, which is indicative of contraction duration; time-to-
90% relengthening (TR90)—the duration to reach 90% relength-
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ening, which represents cardiomyocyte relaxation duration (90%
rather than 100% relengthening was used to avoid noisy signal at
baseline concentration); and maximal velocities of shortening (+
dL/dt) and relengthening (− dL/dt)—maximal slope (derivative)
of shortening and relengthening phases, which are indicatives
of maximal velocities of ventricular pressure rise/fall (Ren et al.,
2008).

To assess the role of AMPK and autophagy in paraquat-
induced cardiomyocyte contractile response, cardiomyocytes
from adult WT mice were treated with paraquat (100 �M) at 37◦C
for 3 h (Ge et al., 2010) in the presence or absence of the AMPK in-
hibitor compound C (5 �M) for 4 h (Guo and Ren, 2012), the mTOR
inhibitor rapamycin (5 �M) for 4 h (Yuan et al., 2009), the lysoso-
mal inhibitor bafilomycin A1 (100 �M) for 2 h (Xu et al., 2013b),
or the autophagy inhibitor 3-methyladenine (3-MA, 10 mM) for
4 h (Guo and Ren, 2012).

Intracellular Ca2+ transients. A cohort of myocytes was loaded
with fura-2/AM (0.5 �M) for 10 min and fluorescence intensity
was recorded with a dual-excitation fluorescence photomulti-
plier system (Ionoptix). Myocytes were placed onto an Olympus
IX-70 inverted microscope and imaged through a Fluor × 40 oil
objective. Cells were exposed to light emitted by a 75W lamp and
passed through either a 360 or a 380 nm filter, while being stim-
ulated to contract at 0.5 Hz. Fluorescence emissions were de-
tected between 480 and 520 nm and qualitative change in fura-
2 fluorescence intensity (FFI) was inferred from FFI ratio at the
two wavelengths (360/380). Fluorescence decay time (both single
and bi-exponential decay rates) was measured as an indication
of intracellular Ca2+ clearing rate.

Measurement of mitochondrial membrane potential (� �m). Mito-
chondrial membrane potential was measured using JC-1 (In-
vitrogen, T-3168) staining as described (Xu et al., 2013a). Car-
diomyocytes (∼50 cells/mouse, 3 mice/group) that were iso-
lated from WT and KD mice with or without paraquat treat-
ment were seeded on gelatin-coated culture chamber slides and
stained with JC-1 (5 �mol/l) at 37◦C for 10 min. Cells then were
washed with 1× PBS. Fluorescence of each sample was read at
an excitation wavelength of 490 nm an emission wavelengths
of 530 and 590 nm by a spectrofluorimeter (Spectra MaxGemi-
niXS, Spectra Max, Atlanta, GA). The aggregate form of JC-1 that
yields high concentration of red fluorescence at ∼590 nm indi-
cates a healthy mitochondrial with normal membrane poten-
tial, whereas the monomer form of JC-1 which emitting low con-
centration of green fluorescence at ∼530 nm. The fluorescence
intensity results were evaluated by the ratio of 590-to-530-nm
emission.

Western blot analysis. Heart tissues from study mice were ho-
mogenized and sonicated in a lysis buffer containing 20 mM
Tris (pH 7.4), 150 mM NaCl, 1mM EDTA, 1 mM EGTA, 1% Tri-
ton, 0.1% sodium dodecyl sulfate, and a protease inhibitor cock-
tail. For in vitro study, isolated cardiomyocytes from WT mice
treated with paraquat or rapamycin were sonicated in the ly-
sis buffer as described above. Myocardial protein samples were
incubated with anti-AMPK, anti-phosphorylated AMPK (pAMPK,
Thr172), anti-LC3B, anti-Beclin1, anti-TSC2, anti-phosphorylated
TSC2 (pTSC2, Ser939), anti-mTOR, anti-phosphorylated mTOR
(pmTOR, Ser2448), anti-S6K, anti-phosphorylated-S6K (pS6K,
Ser792), anti-ULK1, anti-phosphorylated ULK1 (pULK1, Ser777

and pULK1, Ser757), anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; loading control) (1:1000; Rabbit; Cell Signal-
ing Technology, Danvers, MA), and anti-p62 (1:1000; Guinea

Pig; Enzo Life Sciences, Plymouth Meeting, PA) antibodies. Pro-
tein samples from isolated cardiomyocytes were incubated
with anti-Akt, anti-phosphorylated Akt (pAkt, Ser473) and anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; loading
control) (1:1000; Rabbit; Cell Signaling Technology) antibod-
ies. Horseradish peroxidase-coupled secondary antibodies were
used for membrane incubation. After immunoblotting, the films
were scanned and detected with a Bio-Rad calibrated densito-
meter and the intensity of immunoblot bands was normalized
with corresponding band intensity of GAPDH (Ren et al., 2009).

Data analysis. Data are mean ± SEM. Statistical significance (p �

0.05) for each variable was estimated by a one-way analysis of
variance followed by Tukey’s test for the post hoc analysis.

RESULTS

General Features and Echocardiographic Characteristics of WT and
AMPK-KD Mice with or without Paraquat Treatment
Paraquat challenge overtly reduced body weight in WT mice
compared with the vehicle injected counterparts. AMPK defi-
ciency did not affect body weight. With the paraquat treat-
ment, KD mice did not exhibit any significant decrease in
body weight (Supplementary table 1S). Neither AMPK defi-
ciency nor paraquat treatment overtly affected LV wall thick-
ness and LVEDD. Paraquat treatment significantly reduced heart
rate and fractional shortening whereas increased LVESD and
LV mass/body weight ratio. Although AMPK deficiency did not
exert any significant effect on these echocardiographic indices
measured in the absence of paraquat treatment, it mitigated
or significantly attenuated paraquat-induced change in these
echocardiographic parameters (Fig. 1).

Effect of Paraquat Exposure and AMPK Deficiency on Cardiomyocyte
Contractile Properties
Neither paraquat treatment nor AMPK deficiency affected cell
length. However, cardiomyocytes from paraquat-treated WT
mice displayed significantly reduced PS and ± dL/dt associated
with unchanged TPS and TR90. AMPK deficiency significantly ab-
rogated paraquat-induced cardiomyocyte mechanical dysfunc-
tions without eliciting any obvious effect by itself (Fig. 2).

Cardiomyocyte Intracellular Ca2+ Transient Properties
To explore the possible mechanism of action behind AMPK
deficiency- and paraquat-induced cardiac responses, intracellu-
lar Ca2+ handling was evaluated using fura-2 fluorescence. Our
data indicated that paraquat significantly suppressed the resting
and peak intracellular Ca2+ levels (but not the rise in intracellu-
lar Ca2+, � FFI), whereas it facilitated intracellular Ca2+ clearance.
These changes of intracellular Ca2+ properties in response to
paraquat were attenuated by AMPK deficiency. AMPK deficiency
itself did not affect the electrically stimulated rise in intracellu-
lar Ca2+ (� FFI) (Fig. 3).

AMPK Deficiency Attenuates Paraquat-Induced Mitochondrial Dys-
function
As reported previously (Garcia-Garcia et al., 2013; Gonzalez-
Polo et al., 2004, 2007; Niso-Santano et al., 2011), paraquat chal-
lenge triggered mitochondrial injury. To evaluate the impact of
AMPK deficiency on paraquat-induced mitochondrial injury, if
any, mitochondrial function was assessed using JC-1 staining to
monitor the mitochondrial membrane potential (� �m) in car-
diomyocytes. Our results showed a significant reduction in the
red, green fluorescence ratio in cardiomyocytes from paraquat-
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FIG. 1. Echocardiographic properties of WT and KD mice with or without treatment of paraquat (45 mg/kg, i.p.) or vehicle for 48 h. (A) Representative M-mode
echocardiographic images from WT and KD mice treated with paraquat (45 mg/kg, i.p.) or vehicle for 48 h. (B) Heart rate (beat per minute); (C) LV wall thickness; (D)

LV end diastolic diameter (EDD); (E) LV end systolic diameter (ESD); (F) fractional shortening (%); (G) calculated LV mass. Mean ± SEM, n = 6–8 mice per group; *p � 0.05
versus WT group, #p � 0.05 versus WT-paraquat group.

treated WT mice, the effect of which was abrogated by AMPK
deficiency. AMPK deficiency itself did not exert any significant
effect on � �m (Fig. 4).

Effect of Paraquat Exposure and AMPK Deficiency on Autophagy Mark-
ers
To explore the potential role of autophagy in paraquat-induced
cardiac damage, levels of the autophagy markers Beclin-1,
LC3I/II, and the cargo receptor p62 were evaluated by West-
ern blot using myocardium from WT and KD mice following
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FIG. 2. Cardiomyocyte contractile properties in WT and KD transgenic mice treated with or without paraquat (45 mg/kg, i.p.) or vehicle for 48 h. (A) Representative

traces from cardiomyocytes isolated from WT mice treated with paraquat (45 mg/kg, i.p.) or vehicle for 48 h. (B) Representative traces from cardiomyocytes isolated
from KD mice treated with paraquat (45 mg/kg, i.p.) or vehicle for 48 h. (C) Resting cell length; (D) peak shortening (normalized to cell length); (E) maximal velocity of
shortening (+ dL/dt); (F) maximal velocity of relengthening (− dL/dt); (G) time-to-peak shortening (TPS); (H) time-to-90% relengthening (TR90). Mean ± SEM, n = 114–141

cells per group; *p � 0.05 versus WT group, #p � 0.05 versus WT-paraquat group.
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FIG. 3. Intracellular Ca2+ and frequency response in cardiomyocytes from WT and KD transgenic mice with or without paraquat (45 mg/kg, i.p.) or vehicle for 48
h. (A) Resting fura-2 fluorescence intensity (FFI). (B) Electrically stimulated rise in FFI (� FFI). (C) Peak fura-2 fluorescence intensity (peak FFI). (D) Single exponential
intracellular Ca2+ decay. Mean ± SEM, n = 79–117 cells per group; *p � 0.05 versus WT group, #p � 0.05 versus WT-paraquat group.

paraquat treatment. Our data suggested that paraquat treat-
ment significantly elevated expression levels of Beclin1, LC3I,
LC3II as well as the LC3II-to-LC3I ratio in WT mice. The expres-
sion level of p62 was significantly reduced in myocardium from
paraquat-treated WT mice. Although AMPK deficiency itself did
not affect the expression of these autophagy markers, it obliter-
ated paraquat-induced changes in autophagy (Fig. 5).

Effect of Paraquat Exposure and AMPK Deficiency on AMPK-TSC-
mTOR Signaling
To further consolidate the cell signaling mechanisms of AMPK
deficiency in paraquat-induced autophagy, AMPK-related au-
tophagic regulatory signaling molecules including TSC2, mTOR,
S6K, and ULK1 were examined. Our data revealed reduced pan
protein expression of AMPK in AMPK KD mice, validating the
murine model (Figs. 6A and B). AMPK phosphorylation was
significantly upregulated following paraquat treatment in WT
mice, the effect of which was mitigated by AMPK deficiency.
The AMPK downstream target, TSC2, was also examined. Our
data revealed that paraquat dramatically increased myocardial
TSC2 phosphorylation/activation (Figs. 6E–G). Meanwhile, phos-
phorylation of mTOR and S6K, as well as phosphorylation of
ULK1 at Ser757, was significantly dampened in the heart from
paraquat-treated WT mice. However, phosphorylation of ULK1
at Ser777, a downstream target regulated by AMPK, was ele-
vated following paraquat treatment. Although AMPK deficiency

itself failed to alter either pan or phosphorylated levels of these
signaling molecules, it effectively attenuated paraquat-induced
changes in these molecules (Fig. 7). Neither paraquat treatment
nor AMPK deficiency showed any notable effect on pan expres-
sion of TSC2, mTOR, S6K, and ULK1 (Figs. 6 and 7).

Effect of AMPK Inhibitor Compound C, Rapamycin, Lysosomal Inhibitor
Bafilomycin A1, and Autophagy Inhibitor 3-MA on Paraquat-Induced
Cardiomyocyte Contractile Defects
To better elucidate a cause-effect relationship for AMPK and
autophagy in paraquat-induced cardiac contractile response,
freshly isolated cardiomyocytes from WT mice were exposed
to paraquat in the presence or the absence of the AMPK in-
hibitor compound C, the mTOR inhibitor rapamycin, the lyso-
somal inhibitor bafilomycin, and the autophagy inhibitor 3-MA.
Our data revealed that paraquat significantly depressed PS, max-
imal velocity of shortening/relengthening, and prolonged du-
ration of relengthening without influencing resting cell length
and duration of shortening. Although compound C and 3-MA
themselves did not affect cardiomyocyte mechanical properties
in the absence of paraquat exposure, they ablated or signifi-
cantly attenuated paraquat-induced cardiomyocyte mechanical
anomalies. However, the mTOR inhibitor rapamycin and lyso-
somal inhibitor bafilomycin exacerbated paraquat-induced car-
diomyocyte contractile dysfunction. Combination of compound
C with rapamycin further accentuated paraquat-induced con-
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FIG. 4. JC-1 staining of cardiomyocytes (A through D, scale bar = 30 �M) from WT and KD mice treated with or without paraquat (45 mg/kg, i.p.) or vehicle for 48 h. (E)
Quantitative analysis of the red/green fluorescence ratio (≈50 cardiomyocytes from three mice per group); *p � 0.05 versus WT group, #p � 0.05 versus WT-paraquat
group.

tractile dysfunction in cardiomyocytes. Nonetheless, combina-
tion of compound C and bafilomycin mitigated the paraquat-
induced cardiomyocyte mechanical anomalies (Fig. 8). Further-
more, levels of pan and phosphorylated (Ser473) Akt were mea-
sured in isolated cardiomyocytes treated with paraquat or ra-
pamycin. Our results revealed that treatment of either paraquat
or rapamycin did not affect pan or phosphorylated level of Akt
(Supplementary fig. 1S).

DISCUSSION

The salient findings from our study suggested that AMPK de-
ficiency significantly attenuated paraquat-induced damages in
myocardial geometry and function, intracellular Ca2+ homeosta-
sis, as well as mitochondrial injury (JC-1 fluorescence). Our data
further revealed activation of autophagy in response to paraquat
exposure, the effect of which was reversed by AMPK deficiency.
More importantly, our findings provided compelling evidence for
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FIG. 5. Western blot analysis of autophagy markers in heart from WT and KD mice treated with or without paraquat (45 mg/kg, i.p.) or vehicle for 48 h. (A) Representative
gel blots depicting LC3 I, LC3 II, p62, Beclin-2, and GAPDH (loading control) using specific antibodies. (B) LC3 I expression; (C) LC3 II expression; (D) LC3 II-to-LC3 I ratio;
(E) Beclin-1 expression; and (F) p62 expression. Mean ± SEM, n = 4–5; *p � 0.05 versus WT group, #p � 0.05 versus WT-paraquat group. Gel density of all groups was
normalized with the respective gel density of WT group.
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FIG. 6. Western blot analysis of AMPK-TSC signaling proteins from WT and KD mice treated with or without paraquat (45 mg/kg, i.p.) or vehicle for 48 h. (A) Repre-
sentative gel blots depicting pan and phosphorylated AMPK, TSC2, and GAPDH (loading control) using specific antibodies; (B) AMPK�; (C) phospho-AMPK� (pAMPK,
Thr172); (D) pAMPK�-to-AMPK� ratio; (E) pan TSC2; (F) phospho-TSC2 (pTSC2, Ser939); (G) pTSC2-to-TSC2 ratio. Mean ± SEM, n = 4–5; *p � 0.05 versus WT group, #p �

0.05 versus WT-paraquat group. Gel density of all groups was normalized with the respective gel density of WT group.



WANG ET AL. 15

FIG. 7. Western blot analysis of mTORC1-related autophage signaling proteins from WT and KD mice treated with or without paraquat (45 mg/kg, i.p.) or vehicle for
48 h. (A) Representative gel blots depicting mTOR, phospho-mTOR (pmTOR, Ser2448), S6K, phospho-S6K (pS6K, Ser792), ULK1, phosphoULK1 (pULK1, Ser757 and pULK1,
Ser777), and �-tubulin (loading control) using specific antibodies; (B) pan mTOR; (C) pmTOR; (D) pmTOR-to-mTOR ratio; (E) pan S6K; (F) pS6K; (G) pS6K-to-S6K ratio; (H)

pan ULK1; (I) pULK1 Ser757; (J) pULK1757-to-ULK1 ratio; (K) pULK1 Ser777; (L) pULK1777-to-ULK1 ratio. Mean ± SEM, n = 4–5, *p � 0.05 versusWT group, #p � 0.05 versus
WT-paraquat group. Gel density of all groups was normalized with the respective gel density of WT group.

a permissive role of the AMPK-TSC2-mTOR-ULK1 signaling in
paraquat-elicited autophagy response, which may help to inter-
pret paraquat-induced myocardial dysfunction. In addition, in-
hibition of AMPK and autophagy (compound C and 3-MA) pro-
tects against paraquat-induced cardiomyocyte contractile dys-
function. However, induction of autophagy by inhibiting mTOR

(rapamycin) and impairment of autophagy flux by inhibiting
lysosomal function (bafilomycin) exacerbated paraquat-induced
cardiomyocyte contractile dysfunction. These observations are
in favor of the notion that paraquat induces myocardial dys-
function through activation of autophagy via over-stimulation
of AMPK and inhibition of mTOR.
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FIG. 8. Effect of compound C, rapamycin, bafilomycin A1, and 3-MA on paraquat-induced cardiomyocyte contractile defects. Freshly isolated cardiomyocytes from WT

mice were incubated with paraquat (100 �M) in the presence or absence of the AMPK inhibitor compound C (5 �M), rapamycin (5 �M), lysosomal inhibitor bafilomycin
A1 (100 nM), and 3-MA (10 mM) for 3 h. (A) Resting cell length; (B) peak shortening (normalized to resting cell length); (C) maximal velocity of shortening (+ dL/dt); (D)
maximal velocity of relengthening (− dL/dt); (E) time-to-peak shortening (TPS); (F) time-to-90% relengthening (TR90). Mean ± SEM, n = 64–157 cells from four mice per

group; *p � 0.05 versus control group, #p � 0.05 versus paraquat group, ‡p � 0.05 versus paraquat compound C group.

The toxicity of paraquat has been intensively studied since
1960s (Bus et al., 1976; Clark et al., 1966). Mice have been used for
a long time as a model to study the toxicity of paraquat (Day and
Crapo, 1996; Day et al., 1995; Giri et al., 1981). Bus and colleagues
reported a median lethal dose of paraquat for intraperitoneal in-

jection at 30 mg/kg in mice (Bus et al., 1976). Day and coworkers
challenged mice with paraquat at 0, 35, 45, or 55 mg/kg for 48
h. In the 55 mg/kg treatment group, two out of five mice died
prior to 48 h. All mice from other groups survived after 48 h of
treatment (Day et al., 1995). Moreover, Giri and colleagues found
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significantly elevated pulmonary vascular permeability at 24 h
and 48 h following paraquat treatment at 50 mg/kg (Giri et al.,
1981). Day and Crapo treated mice with 45 mg/kg paraquat in-
traperitoneal injection and studied the lung injury 48 h later (Day
and Crapo, 1996). Based on these studies of paraquat in mice, we
selected the dosage of 45 mg/kg i.p. for 48 h. Following the treat-
ment, animal body weight was significantly decreased, whereas
there was little significant change in body weight in KD mice.
Our finding of weight loss is concordant with the previous re-
port on paraquat toxicity in mice (Prasad et al., 2009).

Our echocardiographic data showed that paraquat treat-
ment significantly increased LVESD and LV mass-to-body weight
ratio, as well as decreased fractional shortening. These find-
ings are in line with the previous observations of myocardial
dysfunction induced by acute paraquat treatment (Ge et al.,
2010; Li et al., 2007). In addition, data from our study revealed
that paraquat treatment triggered cardiomyocyte contractile
dysfunction, as evidenced by reduced PS and maximal veloc-
ity of shortening/relengthening. Furthermore, intracellular Ca2+

homeostasis was disrupted in response to paraquat treatment,
including depressed basal and peak intracellular Ca2+ levels and
prolonged intracellular Ca2+ clearance. AMPK deficiency itself
failed to elicit any notable change in cardiac geometry, car-
diomyocyte contractile function, and intracellular Ca2+ handling
properties, consistent with our previous reports (Guo and Ren,
2012; Turdi et al., 2011). This finding suggests that AMPK defi-
ciency may not be innately harmful to cardiac function (Guo and
Ren, 2012; Musi et al., 2005; Xing et al., 2003). Nonetheless, overex-
pression of negative AMPK�2 subunit significantly ameliorated
paraquat-induced cardiac remodeling, cardiomyocyte contrac-
tile dysfunction, and intracellular Ca2+ mishandling. These data
indicate that AMPK may participate in the maintenance of in-
tracellular Ca2+ homeostasis in cardiac pathological responses
although the underlying mechanism remains unclear.

Our results further revealed that AMPK-TSC2-mTORC1-
ULK1 signaling cascade played an essential role in paraquat-
induced myocardial dysfunction. A robust increase in AMPK�

phosphorylation was observed following paraquat treatment,
which was reversed by AMPK deficiency. As the direct down-
stream target of AMPK and upstream regulator of mTORC1,
TSC2 phosphorylation was also significantly elevated following
paraquat exposure. It has been shown that mTORC1 is nega-
tively regulated by TSC1/TSC2, whereas phosphorylation of TSC
(aka, TSC1/TSC2 activation) inhibits mTORC1 en route to au-
tophagy activation (Gottlieb, 2012; Xu et al., 2014). In our hands,
mTORC1 activity was significantly reduced in the paraquat-
challenged mouse heart, a good indication for activated au-
tophagy. AMPK deficiency was demonstrated to interrupt the
inhibition of TSC2 on mTORC1 signaling, leading to phospho-
rylation of mTORC1 (Tripathi et al., 2013). Accumulating stud-
ies have suggested that mTORC1 inhibition is an adaptive re-
sponse during cardiac stress (Sciarretta et al., 2014). It is consis-
tent with our findings that in vitro treatment of rapamycin, a spe-
cific mTOR inhibitor, exacerbated paraquat-induced cardiomy-
ocyte contractile dysfunction. Previous studies have shown that
during acute treatment, rapamycin has a high specificity to in-
hibit mTORC1. However, chronic exposure of rapamycin may
also inhibit mTORC2 (Lamming et al., 2013). Moreover, mTORC2
is capable of further activating Akt through phosphorylation at
Ser473 and therefore regulate Akt/mTORC1 signaling in a posi-
tive feedback loop (Efeyan and Sabatini, 2010; Fumarola et al.,
2014). For our short-term acute treatment of rapamycin in iso-
lated cardiomyocytes, we did not observe any change in pan and
phosphorylated (Ser473) Akt in paraquat and rapamycin-treated

FIG. 9. Schematic diagram depicting possible mechanism(s) involved in
paraquat- and AMPK deficiency (KD) induced changes in cardiac intracellu-
lar Ca2+ homeostasis and contractile function. Paraquat administration trig-

gers activation of AMPK signaling. Activation of AMPK activates TSC complex
(through phosphorylation) to enhance its inhibition on mTOR signaling and re-
duced phosphorylation of ULK1 at Ser757, leading to excessive autophagy and
autophagy flux, which leads to cardiac dysfunction. AMPK can alternatively ac-

tivate ULK1 at Ser777 to upregulate autophagy. AMPK deficiency suppresses au-
tophagy via inhibition of AMPK/TSC/mTOR/ULK1757 and AMPK/ULK1777 signal-
ing cascade en route to cardioprotection. Arrows indicate activation whereas the
lines with a “T” ending denote inhibition. TSC, tuber sclerosis complex.

groups. More importantly, autophagic protein ULK1/2, an essen-
tial regulator in the initiation process of autophagy, can be phos-
phorylated by either mTORC1 or AMPK (Ganley et al., 2009; Scia-
rretta et al., 2014). On one hand, our results revealed that ULK1
phosphorylation at Ser757 was significantly reduced following
acute paraquat exposure, which is negatively regulated by AMPK
(Bach et al., 2011). On the other hand, we found that paraquat-
induced distinct ULK1 phosphorylation at Ser777 was in concert
with elevated AMPK phosphorylation, which was reversed by
AMPK deficiency. It has been suggested that phosphorylation of
ULK1 at Ser757 by active mTORC1 might prevent ULK1 from inter-
acting with AMPK (Bach et al., 2011). Dephosphorylation of ULK1
at Ser757 is thought to be enzymatically active and important for
recruiting downstream autophagic proteins and subsequent au-
tophagosome formation (Chan et al., 2009; Guo and Ren, 2012).
ULK1 can be regulated by multiple phosphorylation and dephos-
phorylation processes (Bach et al., 2011). Studies have shown
that AMPK can induce autophagy directly through phosphory-
lation of ULK1 at Ser317 and Ser777, though other phosphoryla-
tion sites such as Ser555 and Ser467 may also participate in this
process (Egan et al., 2011; Kim et al., 2011). A schematic diagram
is provided to summarize the paraquat-induced autophagic and
contractile responses through AMPK and TSC2, and subsequent
inhibition of mTORC1 and phosphorylation of ULK1 (Fig. 9).

Our in vivo data revealed, for the first time, that AMPK defi-
ciency or inhibition ameliorates paraquat-induced excessive au-
tophagy in the heart manifested as increased expression level of
both Beclin-1 and LC3 (LC3I and LC3II) and decreased autophago-
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some cargo protein p62 along with contractile anomalies. These
findings indicate that autophagy may play a causal role in
paraquat-elicited cardiac damage possibly by over-activating
autophagy, which was supported by in vitro findings that au-
tophagy inhibition using 3-MA reversed mimicked paraquat-
induced cardiomyocyte dysfunction. Moreover, in vitro treatment
of rapamycin, which inhibits mTOR and activates autophagy,
exacerbated cardiomyocyte dysfunction following the paraquat
exposure, the effects of which were unaffected by AMPK inhi-
bition. Similar effects were also observed in the cardiomyocyte
contractile properties with the in vitro treatment of lysosomal in-
hibitor bafilomycin that blocks the autophagosome removal and
resultant interruption of autophagic flux. However, AMPK inhi-
bition effectively reversed these unfavorable effects. These find-
ings suggest that autophagy activation is the key cause effect
of paraquat-induced myocardial dysfunction; AMPK is a major
regulator of paraquat-induced autophagy; impaired autophagic
flux can also lead to cardiomyocyte contractile anomalies. It is
possible that under AMPK deficiency or inhibition, autophagy is
inactivated through either elevated mTORC1 activity (en route
to elevated ULK1 Ser757 phosphorylation) or suppressed ULK1
Ser777 phosphorylation. These findings supported a crucial role
of autophagy in paraquat-induced cardiac contractile dysfunc-
tion with over-activated AMPK, which suggests that autophagy
induction may be detrimental in this process.

Perhaps, the most intriguing finding from our study is that
autophagic flux plays an important role in cardiac response
to pathological stress. Autophagic flux is the entire process of
autophagy including the delivery of autophagosomal cargo to
lysosome, degradation of autophagolysosome, as well as the
release of the degradation product back into the cytosol. In
responding to perturbations in the extracellular environment,
cells have the ability to adjust autophagic flux to meet intracel-
lular metabolic demands (Garcia-Garcia et al., 2013). A number
of studies have shown that paraquat toxicity robustly increases
the number of autophagic vacuoles or cause accumulation of
autophagosomes (Garcia-Garcia et al., 2013; Gonzalez-Polo et al.,
2007; Niso-Santano et al., 2010). Accumulation of autophago-
somes can result from either increased autophagic flux or im-
paired autophagolysosome clearance (Garcia-Garcia et al., 2013).
Paraquat has been reported to facilitate autophagy with im-
proved autophagic flux (Gonzalez-Polo et al., 2007; Niso-Santano
et al., 2010), whereas others show that paraquat impairs au-
tophagic flux and the resulting protein accumulation (Garcia-
Garcia et al., 2013; Wills et al., 2012). Here, we demonstrated that
paraquat stimulates autophagic flux; meanwhile, our in vitro
studies with treatment of bafilomycin, mimicking impaired au-
tophagic flux, revealed that blocked autophagy can exacerbate
the cardiomyocyte contractile dysfunction.

In conclusion, findings from our present study provided con-
vincing evidence for the first time that AMPK deficiency helps
to ameliorate paraquat-induced myocardial contractile dysfunc-
tion. Our data revealed a pivotal role of autophagy in cardiac
stress response to environmental toxin paraquat, which may be
possibly via AMPK-TSC2-mTORC1-ULK1-mediated regulation of
autophagy. This is supported by the finding that inhibition of
AMPK or autophagy protected against paraquat-induced cardiac
anomalies. Although it is still premature to discern the precise
mechanism underneath AMPK-mediated autophagy following
paraquat exposure, our current investigation should shed some
light toward better understanding of the role of autophagy in
paraquat toxicity in heart damage. Further study is warranted
to elucidate the therapeutic value of AMPK and AMPK-related

autophagic signaling molecule in the management of paraquat-
induced myopathic anomalies.
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