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Minocycline promotes cardiomyocyte mitochondrial autophagy
and cardiomyocyte autophagy to prevent sepsis-induced cardiac
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Abstract

Myocardial damage is responsible for the high mortality of sepsis. However, the underlying mechanism is not well under-
stood. Cardiomyocyte autophagy alleviates the cardiac injury caused by myocardial infarction. Enhanced cardiomyocyte
autophagy also has protective effects against cardiomyocyte mitochondrial injury. Minocycline enhances autophagy in many
types of cells under different types of pathological stress and can be easily taken up by cardiomyocytes. The present study
investigated whether minocycline prevented myocardial injury caused by sepsis and whether cardiomyocyte autophagy
participated in this process. The results indicated that minocycline enhanced cardiomyocyte mitochondrial autophagy and
cardiomyocyte autophagy and improved myocardial mitochondrial and cardiac function. Minocycline upregulated protein
kinase B (Akt) phosphorylation, inhibited mTORCI1 expression and enhanced mTORC?2 expression. In conclusion, minocy-
cline enhanced cardiomyocyte mitochondrial autophagy and cardiomyocyte autophagy and improved cardiac function. The
underlying mechanisms were associated with mTORC1 inhibition and mTORC?2 activation. Thus, our findings suggest that
minocycline may represent a potential approach for treating myocardial injury and provide novel insights into the underlying
mechanisms of myocardial injury and dysfunction after sepsis.
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Introduction

Erfei Zhang and Xiaoying Zhao have contributed equally to this

research. Sepsis is a complex systemic disease that is defined as life-
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unit (ICU) and hospital-wide mortality for sepsis are 28.7%
and 33.5%, respectively [2]. Greater than 60% of sepsis
patients admitted to the ICU present with cardiac dysfunc-
tion; the mortality rate for these patients ranges from 70 to
90% [3].

Myocardial injury is independently associated with early
mortality and postdischarge cardiovascular morbidity in
sepsis [4]. Sepsis-induced cardiomyocyte mitochondrial
oxidative stress is major factor in myocardial injury [5].
Nonetheless, sepsis induces cardiomyocyte mitochondrial
swelling, iliac crest loss, vacuole formation, declining mem-
brane potential and other structural and functional changes,
which lead to myocardial dysfunction [6]. However, how
to improve myocardial injury by alleviating mitochondrial
injury in sepsis remains unclear.

A previous study demonstrated that increased cardiomyo-
cyte mitochondrial autophagy is beneficial for improving
cardiomyocyte mitochondrial dysfunction and mitigating
myocardial ischemia caused by heart failure [7]. Further-
more, minocycline is an inducer of autophagy in various
pathological conditions, inhibits apoptosis in neuronal cells
subjected to radiation [8] and exhibits protective effects in
endothelial cells subjected to ischemia/reperfusion [9]. In
addition, minocycline is easily taken up by myocardial tis-
sue and significantly reduces myocardial infarct sizes (33%)
by exerting antioxidation effects [10]. Thus, we speculate
that minocycline maybe exert protective effects against
sepsis-induced myocardial injury via inducing myocardial
autophagy.

Mammalian target of rapamycin (mTOR) is an autophagy
effector, and mTOR coordinates cell growth and plays a
fundamental role in cell and organismal physiology [11].
Akt/mTOR is responsible for minocycline-mediated effects
in ovarian tumors [12]. However, there are no reports of
whether Akt/mTOR signaling is involved in the protective
effects of minocycline in septic myocardial injury.

Thus, our goal was to understand whether Akt/mTOR
signaling is the mechanism through which minocycline-
induced cardiomyocyte mitochondrial autophagy protects
against septic myocardial injury and improves cardiac
function.

Methods
Animals and treatment

The Fourth Military Medical University Ethics Commit-
tee on Animal Care approved all animal protocols, and all
experiments were performed in accordance with the National
Institutes of Health Guidelines on the Use of Laboratory
Animals. Male C57BL/6 of 8—12 weeks mice were obtained
from the Experimental Animal Center of the Fourth Military
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Medical University. Polymicrobial sepsis was induced in
anesthetized mice by cecal ligation and puncture (CLP)
according to our previous protocol [13]. The detailed animal
model construction method was included in the Supplemen-
tary Materials.

Experimental protocols

Mice were induced by CLP/sham and then were randomly
divided into the predetermined groups according to different
treatments, and the number of mice was determined accord-
ing to different assessment indicators with predetermined
time. The schematic diagram about the protocols was shown
in Supplementary Fig. 1.

Neonatal cardiomyocyte culture

Primary cardiomyocyte cultures were harvested from the
ventricles of neonatal Sprague Dawley (SD) rats (1 day old).
Cells were cultured in DMEM supplemented with 15% fetal
bovine serum (Gibco, CA, USA) and maintained at 37 °C
in 95% O, and 5% CO, as previously described [14]. The
detailed construction method was included in the Supple-
mentary Materials.

LPS treatment

LPS (Sigma) was added to primary cardiomyocytes in
serum-containing media for 24 h; then, minocycline and
3-methyladenine (3MA) treatments were administered.

Minocycline and 3-methyladenine treatment

The mice were treated with intraperitoneal injections of
minocycline (Abcam) at 1 h, 25 h, and 49 h after CLP, and
3MA (Sigma-Aldrich), an autophagy inhibitor [15], was
administered 30 min before every minocycline treatment
time point. The control group received intraperitoneal injec-
tions of equal volumes of normal saline (NS). In vitro, pri-
mary cardiomyocytes were treated with minocycline (80 pg/
ml) 1 h after LPS challenge, and 3MA (40 um), was added
30 min before minocycline treatment. Equal volumes of ster-
ile phosphate-buffered solution (PBS) were used as control.

Survival study

For the survival study, the CLP/sham-induced mice were
returned to their cages after treatment administration and
were closely monitored for up to 7 days, as well as given
ad libitum access to food and water.
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Determination of myocardium or cardiomyocyte
apoptosis

Myocardium or cardiomyocyte apoptosis was determined by
terminal deoxyribonucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) staining according to our
previous study [16]. The detailed method was included in
the Supplementary Materials.

Echocardiography

The CLP/sham-induced mice were sedated by 3% isoflurane
inhalation and then assessed by echocardiography (Sequoia
Acuson, 15-MHz linear transducer; Siemens, Erlangen,
Germany). LV end-systolic volume (LVESV) and LV end-
diastolic volume (LVEDV) were measured on the LV short
axis. LV ejection fraction (LVEF) and LV fraction shorten-
ing (LVFS) were calculated using computer algorithms.

Transmission electron microscopy (TEM)

Autophagosomes and mitochondrial ultrastructure were
detected by TEM as previously described [17]. The detailed
method was included in the Supplementary Materials.

Determination of cTnl, CK-MB and LDH

At the predetermined time points, animals were anesthe-
tized by isoflurane, and blood samples were collected from
the mouse carotid artery and clotted for 30 min at 25 °C.
The serum was separated by centrifugation at 2000 g for
15 min at 4 °C, aliquoted, and stored at — 80 °C until use in
various biochemical assays. The concentrations of cTnl and
CK-MB were measured using ELISA kits according to the
manufacturer’s instructions (Beyotime Institute Biotechnol-
ogy, Jiangsu Province, China). Cell death was assessed by
the release of lactate dehydrogenase (LDH), a cytoplasmic
enzyme and a marker of membrane integrity. After treat-
ment, the samples were centrifuged at 10,000 g for 10 min,
and the supernatants were collected for analysis using an
LDH assay kit (Beyotime, Institute Biotechnology, Jiang Su
Province, China).

Determination of Mn-SOD, ATP and citrate synthase
enzyme activity

Manganese superoxide dismutase (Mn-SOD) was assayed
by the Superoxide Dismutase Activity Assay kit (Abcam,
ab65354) as previously described by Vives-Bauza [18].
Citrate synthase (CS) was measured using a commercially
available CS activity assay kit (Sigma-Aldrich), and the
adenosine triphosphate (ATP) content was measured using
an ATP bioluminescent assay kit (Sigma-Aldrich) according

to the standard protocols described in our previous study
[19].

Western blot evaluation

Protein was extracted from myocardium tissues or cultured
cardiomyocytes according to standard Invitrogen protocols
(Invitrogen, Carlsbad, CA, USA) as previously described
[14]. Total protein from myocardium tissues and cardiomyo-
cytes was separated by SDS-PAGE, blotted and probed with
the following antibodies: anti-Akt (Cell Signaling, Danvers,
MA, USA); anti-phospho-Akt (Ser473; Cell Signaling); anti-
mTOR (ab2732, Abcam); anti-phospho-mTOR (Ser2448,
ab109268, Abcam); anti-raptor (ab40768, Abcam); anti-ric-
tor (ab104838, Abcam); anti-p-actin (Santa Cruz, CA, USA);
anti-GAPDH (ab9485, Abcam); anti-LC3A/B (ab128025,
Abcam); anti-p62 (ab91526, Abcam); and anti-caspase-3
(Sigma-Aldrich). Bradford assays (Bio-Rad Laboratories,
Hercules, CA, USA) were used to quantify the protein con-
centrations. The blots were visualized with a chemilumi-
nescence system (Amersham Bioscience, Buckinghamshire,
UK), and the signals were quantified by densitometry.

Statistical analysis

The measurement data are expressed as the mean+S.E.M.
Comparisons between groups were determined by ANOVA
followed by Bonferroni correction for post hoc t-tests. The
data expressed as proportions were assessed using the Chi
square test. Two-sided tests were used in this analysis. The
survival studies were analyzed using the log-rank test. The
survival rates are expressed as percentages. To demonstrate
that 3MA could abolish minocycline-induced autophagy, we
used Student’s t test to compare the differences between two
groups. P <0.05 was considered significant. SPSS software
package version 14.0 (SPSS, Chicago, IL, USA) was used
for the data analyses.

Results

Minocycline improves survival and cardiac function
after sepsis

To investigate the impact of minocycline exposure on myo-
cardial injury and cardiac dysfunction caused by sepsis,
C57BL/6 mice were subjected to CLP. Then, mice were
treated with minocycline for three consecutive days after
CLP. First, we treated C57BL/6 septic mice with 25 mg/
kg, 50 mg/kg or 100 mg/kg minocycline. Then, myocardial
injury was assessed by serum cTnl levels, and survival was
determined. The results revealed a dose-dependent reduc-
tion of cTnl in the CLP + Min group compared with the
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CLP + NS group (Fig. 1a). Only the 50 mg/kg and 100 mg/
kg doses significantly reduced cTnl levels in CLP-induced
mice, whereas c¢Tnl levels were significantly increased by
CLP compared with the Sham + NS group (Fig. 1a). Consist-
ently, the survival was also dose dependently increased in
the CLP + Min group compared with the CLP+ NS group,
and the significant beneficial effects of minocycline were
noted with the 50 mg/kg and 100 mg/kg doses, whereas sur-
vival was significantly reduced by CLP compared with the
Sham + NS group (Fig. 1b). Thus, we administered 50 mg/kg
minocycline for the subsequent in vivo experiments. Next, to
further investigate whether minocycline-mediated improve-
ment in cardiac function facilitated improvement in survival,
we used ultrasound technology to calculate the ejection frac-
tion (EF) and fractional shortening (FS) (Fig. 1¢c). EF and
FS were significantly increased in CLP +Min group com-
pared with CLP+ NS group, whereas EF and FS were sig-
nificantly reduced by CLP compared with the Sham + NS
group (Fig. 1d, e). These results indicated that minocycline
might prevent cardiac dysfunction caused by CLP.

Minocycline induces myocardial autophagy
to prevent myocardial apoptosis and injury

To preliminarily explore whether minocycline-induced

myocardial autophagy exerted protection effects on myo-
cardial injury, we obtained a homogenate of myocardial
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Fig. 1 Minocycline improves survival and cardiac function after
sepsis. Sepsis was induced by CLP. Dose-dependent effects on myo-
cardial injury and survival after minocycline treatment was assessed
Treatments were performed on animals by the intraperitoneal injec-
tion of minocycline at 1 h, 25 h, and 49 h after surgery. a cTnl (n=06).
b 7-days survival, the values are expressed as surviving percentage
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tissue 24 h after minocycline or NS treatment in CLP/
sham-induced mice. The autophagy-related proteins LC3
and p62 were assessed by western blot (Supplementary
Fig. 2a). The results showed that minocycline treatment
significantly increased the LC3II/LC3I ratio and decreased
p62 compared with NS treatment in septic mice (Supple-
mentary Fig. 2b, c¢). This finding indicated that minocycline
might induce myocardial autophagy in septic mice. Next,
to further investigate whether minocycline-induced myo-
cardial autophagy exerted protection effects on myocardial
injury, we used the proven autophagy inhibitor 3MA (dose
dependent: 30 mg/kg or 60 mg/kg) to treat CLP-induced
mice 30 min before minocycline administration. The result
suggested that 60 mg/kg 3MA significantly reversed the
survival improvement induced by minocycline (Supple-
mentary Fig. 3a). Moreover, 60 mg/kg 3MA also reversed
the minocycline-mediated reduction in cTnl levels (Supple-
mentary Fig. 3b). Thus, we administered 60 mg/kg 3MA
for the subsequent in vivo experiments. Next, levels of the
myocardial autophagy-related proteins LC3 and p62 in
homogenized myocardial tissues were measured by western
blot (Fig. 2a). The results showed that the LC3II/LC3I ratio
was lower in the CLP+ NS group than in the Sham + NS
group; however, the LC3II/LC3I ratio was significantly
higher in the CLP +Min group than in the CLP + NS group
(Fig. 2b). Conversely, p62 expression was significantly
higher in the CLP + NS group than in the Sham + NS group,

CLP+NS CLP+Min

(n=20). ¢ On the third day after surgery, heart function was evalu-
ated by ultrasound and echocardiography (n=38). d and e Statistical
analysis of EF and FS. The data are expressed as the mean+S.E.M.
“P<0.01, ""P<0.001 versus Sham+NS; #P<0.01, #P<0.001
versus CLP+NS. Min-25: 25 mg/kg minocycline, Min-50: 50 mg/kg
minocycline, Min-100: 100 mg/kg minocycline
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Fig.2 Minocycline induces myocardial autophagy to prevent myo-
cardial apoptosis and injury. Sepsis was induced by CLP, and 50 mg/
kg of minocycline was administered by intraperitoneal injection. One
hour before minocycline treatment, 3MA was administered by intra-
peritoneal injection at predetermined time points. a Detection LC3
and p62 expression by western blot in myocardial homogenates. b
and c Statistical analysis of the LC3II/LC3I ratio and p62 relative to
GAPDH. Myocardial injury was evaluated based on the myocardial
apoptosis index, which is the percentage of TUNEL-positive cells

but lower in the CLP + Min group than in the CLP+ NS
group (Fig. 2c). Interestingly, the minocycline-mediated
increases in the LC3II/LC3I ratio and decreases in the p62
expression were significantly reversed by 3MA (Fig. 2b,
c). Next, we observed CLP-induced myocardial apoptosis
after minocycline administration with or without 3MA by
TUNEL staining (Fig. 2d). The results revealed that com-
pared with NS treatment, minocycline inhibited myocardial

over the total nuclei as determined by DAPI staining from a total of
50 fields per heart sample (bar =100 um, n=6) (d) and (e). f Repre-
sentative gel blots and quantification of protein expression of caspase
3. g and h Evaluation of myocardial injury by c¢Tnl and CK-MB in
serum (n=6). The data are expressed as the mean + S.EM."P<0.05,
"P<0.01, "P<0.001 versus Sham+NS; *P<0.05, #P<0.01,
P <0.001 versus CLP+NS; ¥P<0.05, P <0.01, *%P <0.001 ver-
sus CLP +Min

apoptosis caused by CLP and significantly reduced the
apoptosis index, whereas myocardial apoptosis was higher
in the CLP group than in the sham group (Fig. 2d, e). How-
ever, compared with CLP +Min group, 3MA abolished the
minocycline-mediated prevention myocardial apoptosis,
and the apoptosis index significantly increased (Fig. 2e).
Consistently, minocycline inhibited caspase-3 expression
induced by CLP, and caspase-3 expression was higher in
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the CLP + NS group than in the Sham + NS group (Fig. 2f).
3MA abolished the minocycline-mediated inhibition of cas-
pase 3 expression (Fig. 2f). Finally, we assessed myocardial
injury by measuring serum cTnl and CK-MB levels. The
results showed that cTnl and CK-MB levels were higher
in the CLP + NS group than in the Sham + NS group, but
lower in the CLP + Min group than in the CLP + NS group
(Fig. 2g, h). Moreover, the minocycline-mediated reductions
in cTnl and CK-MB levels were also significantly reversed
by 3MA (Fig. 2g, h). Thus, we infer that minocycline may
prevent myocardial apoptosis and injury through inducing
myocardial autophagy.

Minocycline improves myocardial mitochondrial
function and injury by inducing myocardial
mitochondrial autophagy

Mitochondria are the source of energy for cells survival.
Mitochondrial autophagy has been suggested to contribute
to the maintenance of mitochondrial quality and quantity
[20]. Thus, we explored whether minocycline induced myo-
cardial mitochondrial autophagy and thus exerted benefi-
cial effects on improving mitochondrial function. We used
TEM to assess the myocardial ultrastructure. Our results
indicated that compared with NS treatment, minocycline
significantly increased the number of myocardial mitochon-
drial autophagosomes (indicated by the red arrows) in sep-
tic mice, whereas the number of myocardial mitochondrial
autophagosomes was reduced in the CLP+ NS group com-
pared with the sham + NS group (Fig. 3a, b). However, 3MA
reversed the minocycline-mediated increase in myocardial
mitochondrial autophagosome (Fig. 3a, b). We also assessed
the myocardial mitochondrial ultrastructure by TEM, and the
results revealed that CLP induced the disorganized, damaged
mitochondrial architecture in myocardium (mitochondrial
swelling, iliac crest loss and vacuole formation) (Fig. 3c).
In contrast, minocycline alleviated the impairments in myo-
cardial mitochondrial ultrastructure (Fig. 3c). As expected,
3MA abolished the minocycline-mediated protection against
myocardial mitochondrial injuries (Fig. 3c). Finally, we
assessed myocardial mitochondrial function according to
Mn-SOD, ATP and CS enzyme activity. The results showed
that ATP levels and CS enzyme activity were reduced, and
Mn-SOD levels were increased in the CLP + NS group
compared with the Sham + NS group, whereas minocycline
significantly improved ATP levels and CS enzyme activ-
ity and decreased Mn-SOD levels in the CLP-induced mice
(Fig. 3d-f). However, 3MA inhibited the minocycline-medi-
ated mitochondrial function improvements by reducing the
ATP levels and CS enzyme activity and by increasing Mn-
SOD levels (Fig. 3d—f). We infer that minocycline-induced
myocardial mitophagy protected against mitochondrial
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ultrastructure impairment and thus improved myocardial
mitochondrial function.

Minocycline improves survival by improving cardiac
function through myocardial autophagy induction

We further explored whether the minocycline-mediated
improvements in cardiac function through myocardial
autophagy. We used echocardiography to assess EF, ES,
LVESV and LVEDV (Fig. 4a). Statistical analysis revealed
that EF and FS were significantly reduced and that LVESV
was significantly increased in the CLP 4+ NS group compared
with the Sham + NS group (Fig. 4b—d). However EF and
FS were significantly improved and LVESV was signifi-
cantly reduced in the CLP +Min group compared with the
CLP + NS group (Fig. 4b—d). Interestingly, minocycline-
mediated improvements in EF, FS and LVESV were sig-
nificantly reversed by 3MA (Fig. 4b—d). However, LVEDV
showed no significant differences between the groups
(Fig. 4e). The mouse weights were also not significantly dif-
ferent between the groups (Fig. 4f). Heart function improve-
ment is beneficial in sepsis; therefore, we also assessed the
survival. The results demonstrated that minocycline signifi-
cantly improved the survival of septic mice (Fig. 4g). This
minocycline-mediated improvement in the survival was
reversed by 3MA (Fig. 4g). This result was consistent with
previous results (Supplementary Fig. 3a). Together, these
results indicated that minocycline improves survival in sep-
tic mice by improving cardiac function through the induc-
tion of myocardial autophagy or myocardial mitochondrial
autophagy.

Minocycline induces cardiomyocyte autophagy
to prevent cardiomyocyte apoptosis caused by LPS

To investigate the impact of minocycline on cardiomyo-
cyte autophagy in vitro, primary cardiomyocytes were
stimulated with various doses of LPS (0.1 pg/ml, 1 pg/
ml and 10 pg/ml) The apoptosis and LDH levels were
assessed to determine the effects of LPS on cardiomyocyte
injury. The results showed that cardiomyocyte apoptosis
and LDH levels were significantly increased in parallel
with the increasing LPS dose (Supplementary Fig. 4a, b).
Thus, we treated primary cardiomyocytes with 5 pg/ml
LPS for all subsequent in vitro experiments. Next, TEM
revealed that the number of autophagosomes (indicated by
red arrows, Fig. 5a) was significantly reduced in the LPS-
treatment group compared with the control group (Fig. 5b),
whereas the number of autophagosomes was significantly
increased upon minocycline in LPS-induced cardiomyo-
cytes (Fig. 5b). Moreover, 3MA abolished the minocy-
cline-mediated increase in the number of autophagosomes
(Fig. 5b). We also assessed mitochondrial structure. The
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Fig.3 Minocycline improves myocardial mitochondrial function and
reduces myocardial mitochondrial injury by inducing autophagy in
myocardial mitochondria. Samples were obtained 24 h after minocy-
cline treatment. a Myocardial mitochondrial autophagy was evaluated
by TEM (indicated by the red box and red arrows). b The number
of mitochondrial autophagosomes in myocardium was calculated
per field from 10 fields per sample (bar =2 pm, n=6). ¢ Myocardial
mitochondrial ultrastructure changes evaluated by TEM (indicated by
the red box and the red arrows). CLP induced mitochondrial swell-

results revealed that LPS induced the disorganized, dam-
aged ultrastructure of cardiomyocytes (mitochondrial
swelling, iliac crest loss, volume diminished) (Supplemen-
tary Fig. 5). In contrast, compared with LPS + PBS group,
minocycline alleviated the mitochondrial ultrastructure
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ing, iliac crest loss, vacuole formation and other structural changes
in the myocardium; minocycline prevented these changes in the myo-
cardial mitochondria, and 3MA reversed the minocycline-induced
improvements. d, e and f Myocardial mitochondrial function was
evaluated by ATP, CS enzyme activity and Mn SOD (n=6). The data
are expressed as the mean+ S.E.M. “P<0.05, "P<0.01, " P<0.001
versus Sham+NS; *P<0.05, "P<0.01, ™P<0.001 versus
CLP+NS; %P <0.05, %P <0.001 versus CLP+Min

impairment caused by LPS (Supplementary Fig. 5). As
expected, 3MA abolished minocycline-mediated pro-
tection against mitochondrial injuries in LPS-induced
cardiomyocytes (Supplementary Fig. 5). Damage to the
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Fig.4 Minocycline induces myocardial autophagy to improve cardiac
function and survival. a Twenty-four hours after the end of minocy-
cline treatment, heart function was evaluated by echocardiography. b,
¢, d and e Statistical analysis of EF, FS, LVESV and LVEDV (n=38).
f Mouse weights were assessed (n=8 for each group). The data are

mitochondrial structure reduces mitochondrial function;
therefore, we evaluated mitochondrial function based on
ATP and CS enzyme activity assessments. The results
showed that ATP levels and CS enzymatic activity were
obviously decreased in the LPS +PBS group compared
with the control group (Fig. 5¢, d), whereas minocycline
significantly improved ATP levels and CS enzymatic activ-
ity in LPS-induced cardiomyocytes (Fig. 5c, d). However,
3MA significantly inhibited the minocycline-mediated
increase in mitochondrial function (Fig. 5c, d). We also
assessed LHD levels, and the results indicated that mino-
cycline significantly reduced LDH levels compared with
PBS in LPS-induced cardiomyocytes (Fig. 5e). In addi-
tion, 3MA abolished the minocycline-mediated LDH
level reductions (Fig. 5e). Finally, we assessed cardio-
myocyte apoptosis using TUNEL staining (Fig. 5f). The
results revealed that the apoptosis index was increased in
the LPS + PBS group compared with the control group
(Fig. 5f). Compared with the LPS + PBS group, minocy-
cline significantly reduced the apoptosis index (Fig. 5f).
However, 3MA abolished the protective effects of minocy-
cline on cardiomyocyte apoptosis (Fig. 5f). Consistently,
minocycline inhibited LPS-induced caspase-3 expression
(Fig. 5g), and 3MA abolished the minocycline-mediated
inhibition of caspase-3 expression (Fig. 5g). We thus infer
that minocycline may prevent cardiomyocyte apoptosis
and cardiomyocyte mitochondrial damage derived from
LPS by inducing cardiomyocyte autophagy.
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expressed as the mean+S.EM. g 7-days survival, the values are
expressed as surviving percentage (n=20). “P<0.01, ™"

P<0.001
versus Sham+NS; *#P<0.05, *P<001, "P<0.001 versus

CLP+NS; *P<0.05, ¥P<0.01, *3¥P <0.001 versus CLP +Min

Targeting the Akt/mTOR pathway with minocycline
strongly upregulated cardiomyocyte autophagy
in sepsis

mTOR is the master regulator of cell growth and a vital mol-
ecule for inducing cell autophagy [11, 21]. To explore the
impact of minocycline on mTOR phosphorylation and the
related mechanism in cardiomyocyte autophagy in sepsis,
we assessed the expression of autophagy-related proteins
by western blot in LPS-induced primary cardiomyocytes
(Fig. 6a). Western blot analyses demonstrated that the Akt/
GAPDH ratio was not significantly different between the
groups (Fig. 6b). However, the activated Akt (phosphoryl-
ated Akt, p-Akt)/GAPDH ratio was significantly reduced
in the LPS + PBS group compared with the control group
and was significantly increased in the LPS + Min group
compared with the LPS +PBS group (Fig. 6¢). Previous
studies have indicated that p-Akt inhibits mTOR activa-
tion (phosphorylated mTOR, p-mTOR) [22]. Consistently,
our results revealed that there were no significant dif-
ferences in the mTOR/GAPDH ratio between the groups
(Fig. 6d). However, p-mTOR was significantly reduced in
the LPS + Min group compared with the LPS +PBS group,
and p-mTOR was significantly increased in the LPS +PBS
group compared with the control group (Fig. 6e). Moreo-
ver, mTORCI1, which was identified by the association of
mTOR with rapamycin-associated protein of TOR (raptor)
[21] and was shown to inhibit autophagy [23], was reduced
in the LPS 4+ Min group compared with the LPS +PBS
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Fig.5 Minocycline improves cardiomyocyte survival by inducing
autophagy in cardiomyocytes induced by LPS. Sepsis was induced
in primary cardiomyocytes using LPS. Cardiomyocyte samples
were obtained 24 h after minocycline treatment. a Cardiomyocyte
autophagy was evaluated by TEM, and the number of autophago-
somes in cardiomyocytes was calculated per cell from 10 cells per
sample (bar =2 um, n=6) (b). ¢ and d Cardiomyocyte mitochondrial
function was evaluated by ATP and citrate synthase enzyme activity.

group, whereas raptor was significantly increased in the
LPS +PBS group compared with the control group (Fig. 6f).
mTORC?2 is involved in other distinct signaling complexes
and associates with rapamycin insensitive companion of
mTOR (rictor) [21] and promotes autophagy [24]. Rictor
levels were increased in the LPS + Min group compared with
the LPS +PBS group, whereas rictor levels were signifi-
cantly reduced in the LPS +PBS group compared with the
control group (Fig. 6g). Interestingly, 3MA, which blocks
Akt activation [25] abolished the minocycline-mediated
increase in p-Akt levels (Fig. 6¢). As expected, the reduction
in p-mTOR and raptor levels after minocycline administra-
tion was abolished by 3MA (Fig. 6e, f). In contrast, 3MA
abolished the minocycline-mediated increase in rictor lev-
els (Fig. 6g). We thus infer that minocycline administration
upregulated p-Akt and further inhibited p-mTOR and raptor
activation; in contrast, minocycline promoted rictor activa-
tion. Next, we assessed the autophagic marker proteins LC3
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and quantification of protein expression of caspase 3 and f-actin
(loading control) (g). The data are expressed as the mean+S.E.M.
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and p62 by western blot with or without 3MA treatment
(Fig. 6h) to further clarify the mechanism of minocycline-
mediated autophagy in LPS-induced cardiomyocytes. The
results showed that minocycline increased the LC3II/LC31
ratio and decreased p62 expression in LPS-induced car-
diomyocytes (Fig. 6i, j). As expected, 3MA abolished the
minocycline-mediated increase in the LC3II/LC3I ratio and
decrease in p62 (Fig. 6i, j). All of these results indicated that
minocycline administration inhibited mMTORCI1 by activating
Akt and activated mTORC?2 to further induce autophagy in
LPS-induced primary cardiomyocytes.

Discussion
Sepsis is the world’s leading killer,five of the top 10 WHO

causes of death fulfil the definition of sepsis (http://www.
who.int). Sepsis-induced myocardial dysfunction is one of
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Fig.6 Minocycline induces cardiomyocyte autophagy through Akt/
mTOR signaling. Whole proteins from LPS-induced primary cardio-
myocytes were obtained at 24 h after minocycline treatment with or
without 3MA administration. a Representative blots and (b-g) analy-
sis of Akt (b), p-Akt (c), mTOR (d), p-mTOR (e), raptor (f) and ric-

the major healthcare problems worldwide. Studies in ani-
mals showed that maintenance of mitochondrial integrity
reduced post-cardiac arrest myocardial dysfunction and
mortality [26]. Sepsis triggers myocardial mitochondrial
structure damage and loss of mitochondrial density [27].
Currently, little is known regarding reducing myocardial
mitochondrial damage to improve sepsis outcomes. The
major findings from our current study revealed minocycline
administration significantly induced myocardial mitochon-
drial autophagy to reduce mitochondrial damage, to prevent
cardiomyocyte apoptosis, to improve cardiac function, and
thus improved survival in CLP-induce mice. Moreover,
minocycline administration significantly activated Akt,
further inhibited p-mTOR and mTORC1 (autophagy inhib-
iting), significantly activated mTORC?2 (autophagy induc-
ing), and thus increased the autophagic LC3II/LC3I protein
ratio and decreased p62 expression. These data indicate that
minocycline induce cardiomyocyte mitochondrial autophagy
to improve cardiac function and promote sepsis survival via
Akt/mTOR-mediated mechanisms.

Mitochondrial dysfunction plays a significant role in the
pathogenesis of sepsis, and the degree of mitochondrial
dysfunction correlates with outcomes. Cardiomyocytes
exhibit mitochondrial ultrastructural damage in both septic
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animals and patients [28]. Our results suggested that sepsis
induced mitochondrial swelling, iliac crest loss and vacuole
formation and further caused cardiomyocyte mitochondrial
dysfunction by reducing ATP and CS enzyme activity and
increasing Mn-SOD. Studies have demonstrated that mito-
chondrial dysfunction triggers apoptosis in cardiac myocytes
[29]. Our results also suggested that sepsis induced cardio-
myocytes apoptosis in CLP-induced mice and LPS-induced
primary cardiomyocytes.

Mitochondrial autophagy is beneficial in improving mito-
chondrial damage [30], and a previous study demonstrated
that rescuing mitochondrial autophagy attenuates mitochon-
drial dysfunction [7]. Although minocycline, an antibiotic
drug, prevents nerve injury [31], studies have demonstrated
the therapeutic potential of minocycline due to its modula-
tion of autophagy and apoptosis [9, 32]. Our study demon-
strated that minocycline significantly induced myocardial
mitochondrial autophagy according to the increased number
of mitochondrial autophagosomes in the myocardia in CLP-
induced mice. Furthermore, minocycline also significantly
induced cardiomyocyte autophagy in LPS-induced cardio-
myocytes according to the increased number of autophago-
somes in cardiomyocytes. Accompanying this effect, mino-
cycline alleviated mitochondrial damage as indicated by



Apoptosis (2019) 24:369-381

379

the reversed mitochondrial ridge fusion and disappearance,
further improved mitochondrial function as indicated by
increased CS enzymatic activity and ATP production and by
reduced Mn-SOD levels. Our study also demonstrated that
minocycline administration significantly protected against
myocardial cell apoptosis in septic mice and cardiomyocyte
apoptosis in LPS-induced cardiomyocytes. These findings
are consistent with a previous study reporting that inducing
autophagy attenuates cardiomyocyte apoptosis induced by
hypoxia [33].

Furthermore, 3MA reversed minocycline-induced myo-
cardial mitochondrial autophagy by reducing the numbers of
myocardial mitochondrial autophagosomes and cardiomyo-
cyte autophagosomes accompanying reducing ATP content
and CS enzyme activity and increasing Mn-SOD content.
3MA also reversed minocycline-induced improvements in
cardiomyocyte apoptosis. These results suggested that mino-
cycline may serve as an inducer of myocardial mitochondrial
autophagy to protect against myocardial mitochondrial dam-
age in septic mice, and thus prevent cardiomyocyte apoptosis
in sepsis.

Cardiac dysfunction represents a clinical feature of sepsis
and contributes to its mortality. Cardiomyocyte apoptosis is
one of the major pathogenic mechanisms underlying myo-
cardial injury and cardiac dysfunction caused by sepsis [34].
Our results suggested that CLP significantly reduced cardiac
function represented by lower EF and FS and higher LVESV
and significantly induced cardiomyocyte apoptosis, accom-
panied by increased mortality. Previous studies have sug-
gested that reducing mitochondrial damage and increasing
ATP production decrease myocardial cell apoptosis, which
is essential for improving myocardial contractility [35]. Our
study demonstrated that minocycline administration signifi-
cantly increased ATP production and reduced myocardial
apoptosis in septic mice, thus enhanced the myocardial
contractile function according to the improved EF, FS and
LVESYV, accompanied by reduced mortality. However, 3SMA
abolished these improvements in septic mice. This finding is
consistent with a previous study that a reduction in myocar-
dial apoptosis by myocardial autophagy may be important
for treating patients with heart dysfunction [36].

Although autophagy serves as a double-edged sword in
the heart under conditions of stress [37], we found that the
induction of myocardial mitochondrial autophagy by mino-
cycline exerted protective effects on cardiac dysfunction
subjected by sepsis.

Among the many kinases, PI3K/Akt is reported to
play a pivotal role in the survival of cardiomyocytes [38].
As a phosphorylation kinase, Akt has greater than 30
downstream substrates [39], and activated Akt induces
autophagy [21, 22]. In the present study, the antiapop-
totic effect of minocycline, significantly activated Akt
(p-Akt) in LPS-induced primary cardiomyocytes. Previous

studies have demonstrated that p-Akt inhibits mTORCI1
activation [40]. mMTORCI1 comprises three core compo-
nents: mTOR, raptor, and mammalian lethal with Sec13
protein 8 (mLSTS, also known as GBL). mTORCI inte-
grates nutrient and growth factor signaling to promote
anabolic metabolism processes, such as protein synthesis
and lipid synthesis, and inhibit catabolic pathways, such
as lysosome biogenesis and autophagy [21]. Consistently,
our results demonstrate that mMTORC1 downregulation
by p-Akt after minocycline administration significantly
upregulated autophagy, which was indicated by an increase
in the LC3II/LC3I ratio and decreased p62 expression.
However, minocycline increased p-Akt, which was abol-
ished by the 3MA in primary cardiomyocytes subjected to
LPS. Furthermore, the minocycline-induced reduction in
mTORC]1 and p62 and increase in LC3II/LC3I were also
abolished by 3MA.

Additionally, mTORC?2 is another form of mTOR,
which comprises mTOR, mLST8, and rictor and controls
cell proliferation and survival, the activated mTORC2
independently phosphorylates Akt [21]. Interestingly,
mTORC?2 activation was significantly induced by mino-
cycline, which is consistent with a previous study dem-
onstrated that Akt activation is independently induced
by mTORC?2 activation [41]. Therefore, mTORC?2 acti-
vation by minocycline promoted Akt activation and thus
significantly upregulated cardiomyocyte autophagy in our
present study. These findings indicate that minocycline
induces autophagy partially by activating the mTORC2/
Akt pathway.

In the present study, minocycline exerted its protec-
tive effects against sepsis-induced cardiomyocyte injury
through Akt/mTOR signaling. However, whether the
classical PI3K/Akt/mTOR signaling pathway induces
autophagy is not investigated in our article, and how mino-
cycline regulates mTORC?2 signaling inducing autophagy
needs to be further investigated.

In conclusion, the salient finding of the present study is
that minocycline induces cardiomyocyte autophagy, par-
ticularly myocardial mitochondrial autophagy, and allevi-
ates cardiac dysfunction caused by sepsis. These effects
are accompanied by decreased cardiomyocyte apoptosis
and improved myocardial mitochondrial function. Minocy-
cline appears to induce cardiomyocyte and cardiomyocyte
mitochondrial autophagy via an Akt/mTOR-dependent
pathway.
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