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1-O-Hexyl-2,3,5-trimethylhydroquinone (HTHQ), a potent nuclear factor-E2-related factor 2 (Nrf2) activator, has potent
antioxidant activity by scavenging reactive oxygen species (ROS). However, the role of HTHQ on the development of
preeclampsia (PE) and the underlying mechanisms have barely been explored. In the present study, PE model was induced by
adenovirus-mediated overexpression of soluble fms-like tyrosine kinase 1 (sFlt-1) in pregnant mice. The results showed that
HTHQ treatment significantly relieved the high systolic blood pressure (SBP) and proteinuria and increased the fetal weight and
fetal weight/placenta weight in preeclamptic mice. Furthermore, we found that HTHQ treatment significantly decreased soluble
endoglin (sEng), endothelin-1 (ET-1), and activin A and restored vascular endothelial growth factor (VEGF) in preeclamptic
mice. In addition, HTHQ treatment inhibited oxidative stress and endothelial cell apoptosis by increasing the levels of Nrf2 and
its downstream haemoxygenase-1 (HO-1) protein. In line with the data in vivo, we discovered that HTHQ treatment attenuated
oxidative stress and cell apoptosis in human umbilical vein endothelial cells (HUVECs) following hypoxia and reperfusion
(H/R), and the HTHQ-mediated protection was lost after transfected with siNrf2. In conclusion, these results suggested that
HTHQ ameliorates the development of preeclampsia through suppression of oxidative stress and endothelial cell apoptosis.

1. Introduction

Preeclampsia (PE) is a serious complication of pregnancy,
which is one of the important causes of morbidity and mor-
tality of pregnant women and perinatal infants. It refers to a
group of clinical syndromes with hypertension and protein-
uria as the main clinical manifestations after 20 weeks of
pregnancy [1–4]. PE adversely affects maternal health and
leads to substantial complications, such as eclampsia, ische-
mic heart disease, renal failure, liver injury, central nervous
system injury, stroke, pulmonary edema, respiratory distress
syndrome, and other complications. It also increases the risks

of fetus growth restriction, placental abruption, prematurity,
and even perinatal mortality, all of which negatively mediate
fetal health [5–7]. Clinical data revealed that PE affects
roughly 5% to 7% of pregnant women worldwide and led to
the deaths of more than 70,000 maternal and 50,0000 fetal
every year [8]. Therefore, great attention has been addressed
to the identification of novel therapeutic targets and agents
against the maternal syndrome of PE.

Although the pathophysiology of PE remains is not
wholly clear, it is known that oxidative stress plays a pivotal
role of PE development. Oxidative stress is characterized by
the imbalance between the generation of reactive oxygen
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species (ROS) and the antioxidant defence system, [9, 10].
ROS can induce placental dysfunction by suppression of pla-
cental angiogenesis, induction endothelial damage, and
immune malfunction, which are suggested to be the underly-
ing of PE development [11–13]. Several studies have found
suppressing oxidative stress, and scavenging ROS represents
potential therapeutic opportunities for the treatment of PE
development [11] [14].

1-O-Hexyl-2,3,5-trimethylhydroquinone (HTHQ), a
derivative of vitamin E, has potent antioxidant activity by
directly reacting with ROS and scavenging them to form
more stable free radicals [15]. HTHQ is a potent nuclear
factor-E2-related factor 2 (Nrf2) activator and induces the
haemoxygenase-1 (HO-1) expression [16, 17]. In addition,
HTHQ has positive effects on various diseases and condi-
tions, including diabetes [18], hepatic cirrhosis [19], neuro-
degenerative diseases [20], and cancer [21, 22]. Previous
researches showed that Nrf2/HO-1 pathway plays an impor-
tant role in the development of PE [23, 24]. However, the
effects of HTHQ on PE development remain unclear. Hence,
the aim of this study was to investigate the effects of HTHQ
on PE development as well as the associated mechanisms.

2. Materials and Methods

2.1. Animal and Model Establishment. Female (8-10 weeks)
and male (for mating purposes only) C57BL/6 mice were

purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). All mice were housed with
a controlled environment and maintained in 12-hour light
and dark cycles. Virgin female mice were mated with males,
and the next morning, a white or faint yellow vaginal plug
was detected in the 0.5 embryonic day (E0.5). The PE model
was prepared by injection with 3 × 109 PFU/100μL of adeno-
virus to overexpress sFlt-1 (Ad-sFlt-1) through the tail vein at
days 7 to 8 of gestation as described in a previous study [25].
The mice in the control group were injected with 3 × 109
PFU/100μL of adenovirus encoding murine Fc protein (Ad
-Fc). In PE group, the mice were orally administered with
HTHQ (100 or 200mg/kg) every day from days E0.5 to
E17.5 of pregnancy. The systolic blood pressure (SBP) was
measured by noninvasive blood pressure analysis system
and repeated at least three times. Albumin and creatinine
levels were determined following the manufacturer’s instruc-
tions on E17.5. All animal care and experimental procedures
were conducted in strict according to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
and approved by the animal ethics and welfare committee of
Anhui Medical University.

2.2. Plasma and Tissue Assays. On day 17.5 of pregnancy, the
animals were euthanized, and peripheral blood was collected
for further analysis. The mice were dissected; fetal and pla-
centas were obtained to evaluate the weight. The circulating
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Figure 1: HTHQ treatment ameliorated PE development in vivo. (a) The systolic blood pressure (SBP) of mice was detected in each group (n = 8).
(b) The fetal weight of mice was detected in each group (n = 8). (c) The fetal weight/placenta weight ratio of mice was detected in each group (n = 8).
(d) The proteinuria of mice was detected in each group (n = 8). ∗∗P < 0:01 vs. the control group; #P < 0:05 and ##P < 0:01 vs. the PE group.
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levels of soluble endoglin (sEng), vascular endothelial growth
factor (VEGF), endothelin-1 (ET-1), and activin A were mea-
sured using enzyme-linked immunosorbant assay (ELISA)
kits according to the manufacturer’s instructions.

2.3. TUNEL Staining. Placenta tissues were fixed by perfusion
with 10% formalin and embedded in paraffin and then cut
into 4μm slides. Apoptotic cells were measured using a ter-
minal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) detection kit. All images were analyzed using a
quantitative digital image analysis system.

2.4. Cell Culture and Treatment. Human umbilical vein
endothelial cells (HUVECs) were purchased and cultured in
Medium 199 supplemented with 20% fetal bovine serum,
1% antibiotics, and L-glutamine at 37°C under 5% CO2 and
100% humidity [26]. To knockdown the genes, the cells were
transfected with si-Nrf2 using Lipofectamine 2000 according
to the protocol recommended. After transfection with siRNA
for 18h, the HUVECs were treated with HTHQ for 6 h before
hypoxia and reperfusion (H/R) insult. Briefly, the cells were
cultured in preconditioned hypoxic medium under 5% CO2
and 95% N2 in a humidified chamber for 8 h and then
replaced with fresh medium, and the cells were cultured
under normal growth conditions for 16 h of reoxygenation.

2.5. Oxidative Stress Detection. Dihydroethidium (DHE)
staining was preformed to assess the ROS production as
described in a previous study [27]. In addition, placenta tis-
sues and HUVEC concentrations of superoxide dismutase

(SOD), catalase (CAT) malondialdehyde (MDA), and gluta-
thione (GSH) were measured using commercially available
kits.

2.6. Western Blotting. The total proteins were separated on
SDS-PAGE gel, blotted onto PVDF membrane, and then
blocked with 5% nonfat milk. Subsequently, the membranes
were incubated with antibodies Bax (1 : 1000, Abcam), Bcl-2
(1 : 1000, Abcam), Nrf2 (1 : 1000, Abcam), HO-1 (1 : 1000,
Abcam), and β-actin (1 : 1000, Abcam). The membranes
were incubated goat anti-rabbit IgG secondary antibody
(LI-COR) and analyzed by a two-color infrared imaging sys-
tem (Odyssey; LICOR) to quantify protein expression.

2.7. Statistical Analysis. The data are presented as the
means ± standard deviation (SD). Statistical differences
between 2 groups were determined by Student’s t-test. Statis-
tical comparisons among multiple groups were compared by
one-way analysis of variance (ANOVA) tests with a post hoc
Tukey test. P values less than 0.05 were considered to indicate
a statistically significant.

3. Results

3.1. HTHQ Treatment Ameliorated PE Development In Vivo.
As shown in Figure 1, the PE group has increased SBP and
the proteinuria and decreased the fetal weight and fetal
weight/placenta weight compared with the control group,
indicative of successful model establishment. We further
found that HTHQ treatment significantly relieved the high
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Figure 2: HTHQ treatment attenuated decreases the concentration of sEng, ET-1, and activin A levels and restored VEGF levels in blood
from PE animals. ELISA was used to detect the concentration of sEng (a), VEGF (b), ET-1 (c), and activin A (d) in serum of mice in each
group (n = 6). ∗∗P < 0:01 vs. the control group; #P < 0:05 and ##P < 0:01 vs. the PE group.
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SBP and proteinuria and increased the fetal weight and the
fetal weight and fetal weight/placenta weight in a dose-
dependent manner (Figure 1). Notably, HTHQ treatment
significantly decreased sEng, ET-1, and activin A levels and
restored VEGF concentrations compared with the PE group
(Figure 2), suggested that HTHQ treatment is able to relieve
the symptoms of PE.

3.2. HTHQ Treatment Attenuated Oxidative Stress Induced
by PE. Then, DHE staining was preformed to assess ROS pro-
duction, and the results showed that the DHE expression in
the PE group was higher than that in the control group,
which was mitigated by HTHQ (Figure 3(a)). In addition,
the SOD, CAT, and GSH levels in the PE group were signif-
icantly lower, and MDA levels were significantly higher than
those in the control group (Figures 3(b)–3(e)). However,
HTHQ treatment significantly upregulated SOD, CAT, and

GSH levels and reduced MDA levels compared with the PE
group (Figures 3(b)–3(e)).

3.3. HTHQ Treatment Decreased Placental Apoptosis. To fur-
ther assess the protective effects of HTHQ, we used the
TUNEL staining to measure the placental apoptosis. The
results demonstrated that the apoptotic index in the PE
group was obviously increased compared with that in the
control group, while HTHQ treatment significantly
decreased placental apoptosis induced by PE (Figure 4(a)).
The results of western blot also showed that HTHQ treat-
ment significantly increased Bax levels and decreased the
expression of Bcl-2 in the PE group (Figure 4(b)).

3.4. HTHQ Treatment Attenuated Oxidative Stress and
Apoptosis in HUVECs following H/R. To further assess the
effects of HTHQ on oxidative stress following H/R, we mea-
sured the SOD, CAT activities, and MDA contents in
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Figure 3: HTHQ treatment attenuated oxidative stress induced by PE. DHE staining was used to assess the ROS production in each group
(n = 6). The levels of SOD (b), CAT (c), MDA (d), and GSH (e) in each group (n = 6). ∗∗P < 0:01 vs. the control group; #P < 0:05 and
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HUVECs. The results revealed that the SOD and CAT activ-
ities in the H/R group were significantly lower, and MDA
contents were significantly higher than those in the control
group (Figures 5(a)–5(c)). However, HTHQ treatment sig-
nificantly restored SOD and CAT activities and decreased
MDA contents compared with the H/R group
(Figures 5(a)–5(c)). In addition, HTHQ treatment signifi-
cantly decreased endothelial cell apoptosis following H/R
(Figure 5(d)).

3.5. HTHQ Activates Nrf2 Antioxidant Pathway. Recent evi-
dence has strongly suggested that HTHQ is a potent nuclear
Nrf2 activator and has positive effects on oxidative stress-
related diseases [16, 17]. Thus, we investigated whether
HTHQ protect against PE is associated with Nrf2 antioxidant
pathway. The results showed that the expression of Nrf2 and
HO-1 was also significantly increased after HTHQ treatment
(Figure 6(a)). In line with the data in vivo, we found that
HTHQ treatment increased Nrf2 and HO-1 expression after
following H/R (Figure 6(b)), indicated that HTHQ regulates
PE via Nrf2 antioxidant pathway.

3.6. HTHQ Induces Translocation of Nrf2. Then, we evalu-
ated the effects of HTHQ on Nrf2 transcription. The results
of western blots showed that the level of nuclear-Nrf2 was
decreased, while the level of cytoplasm-Nrf2 was increased

in the PE group compared with the sham group. In addition,
HQHT treatment significantly increased the level of nuclear-
Nrf2, while decreasing the cytoplasm-Nrf2 expression
(Figures 7(a) and 7(b)). The results of immunofluorescence
staining also showed that HTHQ has effectively induced the
nuclear translocation and transcriptional activity of Nrf2
(Figure 7(c)).

3.7. The Protection of HTHQ Involves the Nrf2/HO-1
Pathway. To confirm the role of Nrf2/HO-1 pathway in
HTHQ-mediated protection effects, we measured the oxida-
tive stress and cell apoptosis after si-Nrf2 transfection. The
results showed that HUVECs were more vulnerable to H/R-
induced oxidative stress after si-Nrf2 transfection. Mean-
while, the HTHQ-mediated protection was lost in HUVECs
transfected with siNrf2 (Figures 8(a) and 8(b)). In consistent,
the knockdown of Nrf2 increased the apoptosis ratio after
H/R, and HTHQ treatment did not affect neuronal apoptotic
in HUVECs transfected with siNrf2 (Figures 8(a) and 8(b)),
indicated that the protective effects of HTHQ is involved
activation of Nrf2/HO-1 pathway.

4. Discussion

The present study investigated the effects of HTHQ treat-
ment on the regulation of oxidative stress and endothelial cell
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Figure 4: HTHQ treatment decreased placental apoptosis. (a, b) TUNEL staining was used to measure the placental apoptosis in each group
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apoptosis in preeclamptic mice. The results showed that
HTHQ treatment is able to relieve the high SBP and reduce
proteinuria in a dose-dependent manner and thus improve
PE. Further, we found that HTHQ treatment significantly
decreased sEng, ET-1, and activin A levels and restored
VEGF in preeclamptic mice. In addition, HTHQ treatment
decreases oxidative stress and endothelial cell apoptosis by
increasing the levels of Nrf2 and HO-1, and the HTHQ-
mediated protection was lost in HUVECs transfected with
siNrf2. These data provided evidence supporting HTHQ
activating the Nrf2 signaling pathway, thereby protecting
cells against oxidative stress injury.

ROS, the most important factor for oxidative stress, rep-
resents a family of oxygen containing molecules [28, 29].
Excessive ROS can induce placental dysfunction by suppres-
sion of placental angiogenesis, induction endothelial damage,
and immune malfunction, which are suggested to be the
underlie of PE development [11] [30],. In order to maintain
cellular redox homeostasis, cells are equipped with antioxi-
dant enzymes or nonenzymatic antioxidants, including
SOD, CAT, and GSH, which can scavenge ROS and inhibit
free radical formation [31, 32]. Previous study demonstrated
that the levels of SOD, CAT, and GSH were significantly
lower in women with PE than in healthy women, suggesting
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Figure 5: HTHQ treatment attenuated oxidative stress and apoptosis in HUVECs following H/R. The levels of SOD (a), catalase CAT (b), and
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that the antioxidant protective capacity was decreased in
women with preeclampsia [33–35]. MDA, a product of lipid
peroxidation, is an important feature to estimate the degree
of lipid peroxidation caused by free radical attacks [36]. Feng
et al. reported that increased MDA levels could be associated
with increased generation of toxic lipid peroxides and con-
tributed to the development of PE [37].

HTHQ is a novel synthesized vitamin E derivative and
has a potent antioxidant and anti-lipid-peroxidative activity.
Previous research indicated that HTHQ has been considered
as a promising therapeutic agent for oxidative stress-induced
diseases [16] [38],. Jung et al. reported that HTHQ treatment
significantly attenuated dimethylnitrosamine-induced liver
fibrosis by inhibiting ROS formation and reducing lipid per-
oxidation. In this study, DHE staining was preformed to
assess the ROS production, and the results showed that the
DHE expression in the PE group was higher than that in
the control group, which was mitigated by HTHQ. In addi-
tion, the SOD, CAT, and GSH activities were significantly
decreased, whereas MDA level was increased in PE mice
and HUVECs after H/R. Interestingly, HTHQ treatment sig-
nificantly reduced the extent of oxidative stress by increasing
cellular antioxidants SOD, CAT, and GSH activity and
decreasing MDA level, indicated that HTHQ suppressed oxi-
dative stress induced by PE. Nevertheless, the precise mech-
anisms on how HTHQ exerts protection effects still unclear.

Endothelial cells are important cell types of human pla-
centa and contribute to the regulation of vascular tone and
function. Previous research showed that endothelial damage
has been proposed to be the important underlie of PE and
involved in major symptoms of PE, including hypertension,
proteinuria, and edema [39, 40]. Thus, improving maternal
endothelial function has been proposed to be an effective
therapeutic strategy to ameliorate the clinical outcomes of
PE [41, 42]. In this study, we detected the role of HQHT on
endothelial function. The results showed that HTHQ treat-
ment attenuates oxidative stress in HUVECs following H/R.
In addition, H/R obviously induced the apoptosis of
HUVECs, while HTHQ treatment significantly decreased
endothelial cell apoptosis following H/R, indicated that
HTHQ could suppress endothelial dysfunction.

Nrf2 is a transcription factor and protects cells against
oxidative stress, electrophiles, and carcinogenic substances
[43, 44]. Under regular conditions, Nrf2 is bound to Kelch-
like ECH-associated protein 1 (Keap1) in the cytosol and
forms an E3 ubiquitin ligase complex, which leads to ubiqui-
tination and proteasomal degradation of Nrf2 [45, 46]. How-
ever, when cells are exposed to oxidative and electrophilic
challenges, Nrf2 is activated, released from Keap1, and binds
to the ARE sequences then recruits the transcription of anti-
oxidant defence genes [47–49]. Several evidences have shown
the Nrf2 signaling pathway is a mediator of protection to
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counteract oxidative stress and maintain redox homeostasis
in the placenta [50, 51]. Yu et al. reported that the Nrf2 and
HO-1 expressions were lower in the PE placenta compared
with the healthy women, and Nrf2 overexpression protected
the placenta by upregulating the antioxidant genes in the
murine PE model [50]. Onda et al. reported that sofalcone
decreased sEng production and ameliorated placenta dys-

function by activate Nrf2 and HO-1 pathway. These
researches further highlight that Nrf2 is a promising thera-
peutic target for the treatment of PE [51].

In the present study, we investigated the role of HTHQ
treatment in Nrf2/HO-1 signaling pathway. The results
showed that HTHQ treatment significantly increased the
expression of Nrf2 and HO-1. In addition, HTHQ has
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effectively induced the nuclear translocation and transcrip-
tional activity of Nrf2. As shown in our study, knockdown
of Nrf2 could increase the level of oxidative stress and apo-
ptosis of HUVECs under H/R. In addition, the HTHQ treat-
ment mediated protective effect that was lost in HUVECs
transfected with siNrf2. HO-1, which is regulated by Nrf2,
has antioxidant and antiapoptotic activities by restoring

redox homeostasis and reducing inflammation response
[52, 53]. Researches showed that activation of HO-1 protects
placental cells against oxidative stress injury that can
improve hypertension and placental ischemia in rodents PE
model [54, 55]. In this study, we also found that HTHQ treat-
ment significantly increased the HO-1 expression in the pla-
centa of PE. Taken together, we propose that the protective
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Figure 8: The protection of HTHQ involves the Nrf2/HO-1 pathway. The levels of SOD (a), catalase CAT (b), andMDA (c) in HUVECs after
si-Nrf2 transfection (n = 6). (d) Images and quantifications of TUNEL staining in HUVECs after si-Nrf2 transfection (n = 6). ∗P < 0:05 vs. the
H/R group; ∗∗P < 0:01 vs. the H/R group.
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action of HTHQ is related to an antioxidant and antiapopto-
tic effect, and the mechanism is involved in Nrf2/HO-1 sig-
naling pathway.

In summary, we have shown that HTHQ suppresses oxi-
dative stress and endothelial cell apoptosis and subsequent
improvement of PE through activation of Nrf2/HO-1 signal-
ing (Figure 9). These findings suggest that HTHQ could be a
potential pharmacological agent for PE therapy.
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Objective. Astragaloside IV shows neuroprotective activity, but its mechanism remains unclear. To investigate whether
astragaloside IV protects from endoplasmic reticulum stress (ERS), we focus on the regulation of glycogen synthase kinase-3β
(GSK-3β) and mitochondrial permeability transition pore (mPTP) by astragaloside IV in neuronal cell PC12. Methods and
Results. PC12 cells treated with different concentrations of ERS inductor 2-deoxyglucose (2-DG) (25-500μM) showed a
significant increase of glucose-regulated protein 78 (GRP 78) and GRP 94 expressions and a decrease of tetramethylrhodamine
ethyl ester (TMRE) fluorescence intensity and mitochondrial membrane potential (ΔΨm), with the peak effect seen at 50μM,
indicating that 2-DG induces ERS and the mPTP opening. Similarly, 50 μM of astragaloside IV increased the GSK-3β
phosphorylation at Ser9 most significantly. Next, we examined the neuroprotection of astragaloside IV by dividing the PC12
cells into control group, 2-DG treatment group, astragaloside IV plus 2-DG treatment group, and astragaloside IV only group.
PC12 cells treated with 50μM 2-DG for different time courses (0-36 hr) showed a significant increase of Cleaved-Caspase-3 with
the peak at 6 hr. 2-DG significantly induced cell apoptosis and increased the green fluorescence intensity of Annexin V-FITC,
and these effects were reversed by astragaloside IV. Such a result indicates that astragaloside IV protected neural cell survival
from ERS. 2-DG treatment significantly increased the expressions of inositol-requiring ER-to-nucleus signal kinase 1 (IRE1),
phosphor-protein kinase R-like ER kinase (p-PERK), but not affect the transcription factor 6 (ATF6) expression. 2-DG
treatment significantly decreased the phosphorylation of GSK-3β and significantly reduced the TMRE fluorescence intensity and
ΔΨm, following mPTP open. Astragaloside IV significantly inhibited the above effects caused by 2-DG, except the upregulation
of ATF6 protein. Taken together, astragaloside IV significantly inhibited the ERS caused by 2-DG. Conclusion. Our data
suggested that astragaloside IV protects PC12 cells from ERS by inactivation of GSK-3β and preventing the mPTP opening. The
GRP 78, GRP 94, IRE1, and PERK signaling pathways but not ATF6 are responsible for GSK-3β inactivation and
neuroprotection by astragaloside IV.

1. Introduction

Astragaloside IV is the most active saponin compound
with a molecular formula C41H68O14. It is soluble in
highly polar organic solution [1, 2]. Previous studies have
shown protective effects of astragaloside IV on various
organs such as heart [3, 4], kidney [5, 6], brain [7, 8],
and nerve [9–11].

Endoplasmic reticulum (ER) is an important organelle
folding cell surface and secreted protein in eukaryotic cells
[12]. Imbalance of ER steady state leads to ERS [13] with
the hall markers GRP 78 and GRP 94, which participates in
nerve damage [14–16].

Mitochondria are the energy warehouse of eukaryotic
cells [17]. Mitochondria are vital in nerve damage [18, 19],
which opens mPTP on the mitochondrial membrane and
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leads to the destruction of mitochondrial structure and cell
damage [20–22]. Cross-talk between the endoplasmic reticu-
lum and mitochondria are critical to resist apoptosis and cell
stress [23, 24]. GSK-3β controls cell growth, survival, and
neuronal plasticity in the nervous system [25, 26]. Inactiva-
tion of GSK-3β to prevent mPTP opening is vital for neuro-
protection [18].

ERS causes the accumulation of unfolded or misfolded
proteins in the ER, triggering unfolded protein response
(UPR) [27]. PERK, IRE1, and ATF6 are the molecular
markers of three signaling pathways of ERS. UPR activated
IRE1 and damages endothelial cells [28, 29]. PERK and
ATF6 pathways participate in the protection of the ischemic
brain [30, 31].

Astragaloside IV is a potent neuroprotective saponin
compound, which reduces ERS, but the mechanism remains
unclear. This study tested whether astragaloside IV inhibits
ERS by inactivating GSK-3β and preventing mPTP from
opening.

2. Material and Methods

2.1. Cell Culture. Rat adrenal pheochromocytoma-derived
PC12 cell was purchased from Baoshide (Wuhan, China).
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen) and 100U penicillin/streptomycin at 37°C in a
humidified 5% CO2-95% air atmosphere. Culture medium
changed every 2 to 3 days. Cells were passaged using 0.25%
trypsin when cell density reaches about 90%.

2.2. Reagents. Following chemicals were used in this study:
astragaloside IV (cat. no. HQJG-20110507, Tianjin Mark
Biotechnology Co.), 2-Deoxy-D-glucose (cat. no. D6134,
Sigma), Tetramethylrhodamine ethylester (cat. no. T669,
Molecular Probes), Annexin V-FITC Apoptosis Detection
kit (cat. no. C1062 L, Beyotime Biotechnology), Cell culture
reagents DMEM (cat. no. C11995500BT), FBS (cat. no.
16140071), 0.25% trypsin-EDTA (cat. no. 25200-056), and
penicillin/streptomycin (cat. no. 15140-122) were purchased
from Gibco BRL.

All rabbit antibodies were obtained from Cell Signaling
Technology Inc. Monoclonal antibody against: GRP 78 (cat.
no. 3177), GRP 94 (cat. no. 20292), p-PERK (cat. no. 3179),
ATF6 (cat. no. 65880), IRE1 (cat. no. 3294), p-GSK-3β (cat.
no. 9323), GSK-3β (cat. no. 12456), and GADPH (cat. no.
5174). Polyclonal antibody against: Cleaved Caspase-3 (cat.
no. 9661), Caspase-3 (cat. no. 9662), and anti-rabbit IgG
(cat.no. 14708). All antibodies were used at 1 : 1,000 dilution.

2.3. Drug Treatment Group. PC12 cells were grown to 90%
confluence and treated as follows. To determine the optimal
concentration of 2-DG, PC12 cells were treated with 25, 50,
100, 150, 200, and 500μM 2-DG or vehicle only for 30min.
To determine the optimal concentration of astragaloside
IV, PC12 cells were treated with 25, 50, 75, and 100μM astra-
galoside IV or vehicle only for 20min.

To observe the effect of astragaloside IV on ERS, PC12
cells were divided into 4 groups: (1) control group: treat with

vehicle only; (2) 2-DG group: treat with 50μM 2-DG for
30min; (3) astragaloside IV+2-DG group: treat with 50μM
astragaloside IV for 20min then 50μM 2-DG for 30min;
(4) astragaloside IV group: treat with 50μM astragaloside
IV for 20min.

2.4. Drug Treatment Schedule. PC12 cell culture was washed
twice with PBS and then incubated in Tyrode solution for 2
hours prior to other treatments. To examine the effect of
astragaloside IV on protein expressions of GRP 78, GRP 94,
IRE1, p-PERK, ATF6, p-GSK-3β, and GSK-3β, PC12 cells
were exposed to 2-DG (50μM) for 30min. Astragaloside IV
(50μM) was applied 20min before exposure to 2-DG. PC12
cells were exposed to 50μM 2-DG for 30min before ΔΨm
measurement and 6hr before apoptosis measurement,
respectively.

2.5. Western Blotting. After drug treatment, PC12 cells were
washed twice with PBS, and cell pellets were lysed on ice
for 30min with 50μL of fresh cell lysis buffer (Cell Signaling
Technology, cat. no. 9803). The lysate was ultrasonicated and
then centrifuged at 12 000 r (4°C) for 15min. Protein concen-
tration was measured using a BCA kit and then divided into
equal protein amount for boiling and loading. After electro-
phoresis, protein was transferred to PVDF membrane and
incubated in 10% nonfat milk at room temperature for
90min. Blot membranes were incubated with primary anti-
bodies against GRP 78, GRP 94, IRE1, p-PERK, ATF6, p-
GSK-3β, and GSK-3β overnight at 4°C. After incubating
the secondary antibody at room temperature for 1 h, ECL
fluorescence was developed and the blot image was captured
and analyzed with Biospectrum Imaging System (UVP,
Upland, USA).

2.6. Confocal Imaging of Mitochondrial Membrane Potential.
Mitochondrial membrane potential (ΔΨm) was measured by
loading PC12 cells with cell permeable, cationic mitochon-
dria probe TMRE, as reported previously [32]. TMRE is
accumulated specifically by the mitochondria in proportion
to mitochondrial membrane potential (ΔΨm) [33]. Loss of
ΔΨm is caused by the mPTP opening [34]. Briefly, PC12 cell
culture in a temperature-controlled culture dish (MatTek,
MA, USA) was incubated with TMRE (100 nM) in standard
Tyrode solution containing (mM) NaCl 140, KCl 6, MgCl2
1, CaCl2 1, HEPES 5, and glucose 5.8 (pH7.4) for 20 minutes.
Cells were washed several times with fresh Tyrode solution.
The dish was then mounted on the stage of an Olympus
FLUOVIEW FV-1000 laser scanning confocal microscope
with a 543 nm excitation (Olympus Corporation, Tokyo,
Japan). Fluorescence intensity of 10 random-picked cells in
each field was measured by FLUOVIEW FV-1000 software
at 0min and measured the average fluorescence intensity
value at 0 and 30min. The changes of fluorescence intensity
were expressed as the ratio of average fluorescence intensity
of the 10 picked cells at 30-minute over that at 0-minute.

2.7. Confocal Imaging of Apoptosis. Apoptosis of PC12 cells
was measured using Annexin V-FITC Apoptosis Detection
kit following the manual. Briefly, cell culture in a
temperature-controlled culture dish (MatTek, MA, USA)
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was incubated with Annexin V-FITC and PI (Propidium
Iodide) for 20 minutes with binding solution at RT in the
dark and was washed 3 times with PBS according to the man-
ual. The dish was then mounted on the stage of an Olympus
FLUOVIEW FV-1000 laser scanning confocal microscope
with 488 and 543 nm excitation (Olympus Corporation,
Tokyo, Japan). Quantitative analysis of fluorescence intensity
changes by FLUOVIEW FV-1000 -software.

2.8. Cell Survival Analysis. Cell survival was assessed by stain-
ing cells with Annexin V-FITC Apoptosis Detection kit
according to the manufacturer’s instructions using flow
cytometry (FACscalibur, Becton Dickinson, NJ). Fluores-
cence intensity was measured at the excitation wavelengths
of 488 and 543nm, respectively. Cells were treated the same
as confocal imaging of apoptosis.

2.9. Statistical Analysis. Results obtained from 6 experiments
are expressed as mean ± SD. Statistical significance was
determined using one-way ANOVA followed by Tukey’s test.
P < 0:05 was considered as statistically significant.

3. Results

3.1. Effects of 2-DG on ERS and mPTP Opening. PC12 cells
were treated with different concentrations (0, 25, 50, 100,
150, and 200μM) of 2-DG to induce ERS. The expressions
of GRP 78 and GRP 94 increased most significantly in cells
treated with 50μM 2-DG (Figure 1(a)). Similarly, the inten-
sity of TMRE red fluorescence decreases the most in cells
treated with 2-DG at 50μM (Figure 1(b)). According to these
results, we treated PC12 cells with 50μM 2-DG in the subse-
quent experiments.

3.2. Effect of Astragaloside IV on GSK-3β Phosphorylation.
PC12 cells were treated with astragaloside IV at different con-
centrations (25, 50, 75, and 100μM) to find out the concen-
tration with the most neuroprotection effect. We found the
expression of p-GSK-3β increased most significantly in cells
treated with astragaloside IV at 50μM (Figure 2). Therefore,
we use 50μM astragaloside IV in the subsequent
experiments.

3.3. Effect of Astragaloside IV on PC12 Cell Survival from ERS.
2-DG in different times (0-36 hr) showed a significant
increase of Cleaved-Caspase-3 with the peak at 6 hr
(Figure 3(a)). 2-DG significantly reduced Cleaved-Caspase-
3 expression (Figure 3(b)) and increased the green fluores-
cence intensity of Annexin V-FITC (Figure 3(c)) and apopto-
sis rate (Figure 3(d)); these effects were reversed by
astragaloside IV, respectively, indicating that astragaloside
IV protected PC12 cells from ERS-induced apoptosis.

3.4. Effect of Astragaloside IV on PC12 Cells from ERS. 2-DG
significantly increased GRP 78 and GRP 94 expressions while
astragaloside IV reduced the increasement induced by 2-DG
(Figure 4), indicating that astragaloside IV induced neuro-
protection on PC12 cells by preventing ERS.

3.5. Effect of Astragaloside IV on ERS-Induced mPTP
Opening. We determined the ERS-induced loss of ΔΨm by

monitoring change in TMRE fluorescent intensity with con-
focal microscopy. 50μM of 2-DG induced a remarkable
decrease in TMRE fluorescence in PC12 cells. Cells pre-
treated with 50μM astragaloside IV showed less reduction
in TMRE fluorescence after 2-DG treatment (Figure 5), sug-
gesting that astragaloside IV may protect PC12 cells by pre-
venting the ERS-induced mPTP opening.

3.6. Effect of Astragaloside IV on ERS.We examined IRE1, p-
PERK, and ATF6 expressions by western blotting. 2-DG sig-
nificantly increased their expressions, while astragaloside IV
significantly inhibited 2-DG-induced increasement of IRE1
and p-PERK, but not ATF6 (Figure 6). These results suggest
that the IRE1/PERK but not the ATF6 signaling pathway is
necessary for astragaloside IV to protect PC12 cells from
ERS.

3.7. Effect of Astragaloside IV on GSK-3β Phosphorylation
from ERS. To determine the role of GSK-3β in the neuropro-
tection of astragaloside IV, we tested the expression of phos-
phorylated GSK-3β. Astragaloside IV significantly increased
the phosphorylation of GSK-3β (Figure 7), suggesting that
the inactivation of GSK-3β is necessary for astragaloside IV
to protect PC12 cells from ERS.

4. Discussion

Stroke is one of the cerebrovascular diseases whose total mor-
tality increases every year, with a high demand of neuropro-
tection. Ischemia-reperfusion injury (IRI) plays a key role in
nerve damage caused by cerebral infarction [35, 36]. Endo-
plasmic reticulum stress-induced unfolded protein response
is the main adaptive regulatory mechanism [37].

Nonmetabolizable glucose analogue 2-DG blocks glycol-
ysis and glucose metabolism and inhibits protein glycosyla-
tion and ER quality control [38]. 2-DG significantly reduces
ATP activity, inducing ERS in cells and inhibiting tumor
growth and its anticancer or antiviral were tested in multiple
studies [39, 40]. We found that 2-DG treatment significantly
reduced the PC12 cell survival. We determined the effects of
different concentrations (0, 25, 50, 100, 150, 200, and
500μM) of 2-DG treatment on the expressions of ERS chap-
erones GRP 78 and GRP 94 and found 50μM of 2-DG
increased GRP 78 and GRP 94 expressions most significantly.
In addition, we found 50μM of 2-DG decreased the red fluo-
rescence of mitochondrial TMRE most significantly.

The main bioactive substance of Astragalus membrana-
ceus bunge, a herb possessing protective activities for thou-
sands of years [41], astragaloside IV demonstrates potent
protective effect on focal cerebral ischemia/reperfusion [42],
cardiovascular disease [43], pulmonary disease [44], liver
fibrosis [45], and diabetic nephropathy [46] through several
mechanisms including anti-inflammatory [47], antifibrotic
[44], and antioxidative stress [48]. Our previous results have
shown that 50μM of astragaloside IV treatment protects
H9c2 cardiac cells by inhibition of GSK-3β and prevention
of the mPTP opening [32].

Previous studies have shown that astragaloside IV has a
neuroprotective effect on cortical neurons by inducing Nrf2
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Figure 1: Effects of 2-DG on ERS and the mPTP opening. (a) Western blot images of GRP 78 and GRP 94 expression in PC12 cells treated
with vehicle control and 25, 50, 100, 150, 200, and 500 μM2-DG. (b) Confocal fluorescence images of cells incubating TMRE for 20 minutes in
PC12 cells treated with 0, 25, 50, 100, 150, 200, and 500 μM 2-DG. (c, d) Quantification of (a). Each protein expression level was normalized
with GAPDH. (e) Quantification of (b). Data aremean ± SD of 6 independent experiments. ∗P < 0:05 compared to vehicle control. Scale bar,
50μm.
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Figure 3: Effect of astragaloside IV on PC12 cell survival from ERS. (a) Representative Western blot images of Cleaved-Caspase-3 in PC12
cells treated with 2-DG in different times. (b) Representative Western blot images of Cleaved-Caspase-3 in PC12 cells treated with 2-DG and
astragaloside IV. (c, d) Confocal fluorescence images and flow cytometry of Annexin V-FITC Apoptosis Detection kit in PC12 cells treated
with 2-DG and astragaloside IV. Cells were preloaded with Annexin V and PI for 20 minutes before other treatments. PC12 cell culture was
placed on the temperature-controlled stage and treated with astragaloside IV for 20 minutes and 2-DG for 6 h. Data are mean ± SD of 6
independent experiments. ∗P < 0:05 compared to control; #P < 0:05 compared to 2-DG. Scale bar, 50 μm.
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Figure 4: Effect of astragaloside IV on PC12 cells from ERS. (a) Western blot images of ER chaperone proteins GRP 78 and GRP 94 in PC12
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activation [9]. Astragaloside IV reduced glutamate-induced
neurotoxicity and hypoxia-induced damage through the
Raf-MEK-ERK pathway and miR-124 in PC12 cells [10,
11]. We examined the effect of different concentrations (0,
25, 50, 75, and 100μM) of astragaloside IV on GSK-3β phos-

phorylation in PC12 cells. Among different concentrations of
astragaloside IV treatment, 50μM of astragaloside IV was
most significant to induce GSK-3β phosphorylation.

The endoplasmic reticulum of eukaryotic cells is a
membrane-bound organelle, performing various functions
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Figure 5: Effect of astragaloside IV on PC12 cells from ERS-induced mPTP opening. (a) Confocal images of TMRE probe in PC12 cells
treated with 2-DG and astragaloside IV. Cells were preloaded with TMRE probe for 20 minutes before other treatments. PC12 cell culture
was placed on the temperature-controlled stage and treated with astragaloside IV for 20 minutes and 2-DG for 30 minutes. (b)
Quantification of TMRE Red fluorescence expressed as % of the control. The fluorescence intensity value was calculated as 30-minute
normalized to 0-minute. Data are mean ± SD of 6 independent experiments. ∗P < 0:05 compared to control; #P < 0:05 compared to 2-DG.
Scale bar, 50 μm.
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Figure 6: Effect of astragaloside IV on ERS signaling pathway. (a) Representative Western blot images of IRE1, p-PERK, and ATF6 in PC12
cells treated with 2-DG and astragaloside IV. (b–d) Quantification of (a). Each protein expression level was normalized with GAPDH. Data
are mean ± SD for 6 independent experiments. ∗P < 0:05 compared to vehicle control; #P < 0:05 compared to 2-DG.
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including synthesis of proteins to degradation of xenobiotics.
Bioaccumulation of drugs/chemicals/xenobiotics in the cyto-
sol can trigger ERS [49]. GRP 78 and GRP 94 are chaperone
proteins for protein synthesis and termination in ERS. Previ-
ous studies show that Fluoxetine [14], sulforaphane [15], and
Harpagide [16] protect neurons from hypoxia-
reoxygenation-induced neuron apoptosis by reducing ERS.
To investigate whether astragaloside IV could inhibit ERS
to protect neuronal cells, we examined the expressions of
ERS-related proteins. We found 2-DG treatment signifi-
cantly increased the expressions of both GRP 78 and GRP
94 in PC12 cells, while astragaloside IV inhibited this
increasement.

Mitochondria are the key organelles in eukaryotic cells
and contribute to cellular stress responses. Misfunction of
mitochondria plays a key role in ERS and nerve damage
[50]. MPTP is a nonspecific pore opening in the mitochon-
drial inner membrane when ERS occurs. The opening of

mPTP allows molecules smaller than 1.5 kDa, including pro-
tons, to enter mitochondria freely, affecting membrane
potential and causing cell death [51]. Studies have shown that
selective inhibition of mPTP prevents neurodegeneration in
experimental multiple sclerosis [20]. Low temperature-
induced neuroprotection is associated with a decrease in
mitochondrial membrane potential [21]. Here, we showed
that 2-DG significantly weakened the red fluorescence inten-
sity of TMRE, while astragaloside IV pretreatment inhibited
the decrease caused by 2-DG. These results suggested that
astragaloside IV suppressed the ERS-induced mitochondrial
membrane potential decrease, which prevents mPTP open-
ing and protects PC12 cells.

Prolonged ERS induces cell apoptosis through PERK,
ATF, and CHOP [52]. The mitochondrial pathway mediated
the ERS-induced apoptosis [53, 54]. Our recent studies
showed that resveratrol inhibited ERS-related apoptotic pro-
tein CHOP, Caspase12, and JNK expressions induced by 2-
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Figure 7: Effect of astragaloside IV on GSK-3β phosphorylation from ERS. (a) Representative Western blot image of p-GSK-3β in PC12 cells
treated with 2-DG and astragaloside IV. (b) Quantification of (a). The relative level of p-GSK-3β was normalized with GAPDH and then to
that of GSK-3β. Data are mean ± SD for 6 independent experiments. ∗P < 0:05 compared to vehicle control; #P < 0:05 compared to 2-DG.
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DG [55]. In the present study, we checked the neuroprotec-
tion effect of astragaloside IV on PC12 cells from 2-DG-
induced apoptosis. We found 50μM of 2-DG treatment for
2-12 hr significantly increased Cleaved-Caspase-3 level with
the peak at 6 hr. Astragaloside IV treatment inhibits PC12
cell apoptosis induced by 2-DG. In our study, we observed
2-DG significantly increased the Annexin V-FITC fluores-
cence in both confocal image and flow cytometry, these
effects were significantly blocked by astragaloside IV. There-
fore, these data suggested that chronic ERS caused neuronal
damages in PC12 cells and astragaloside IV-induced neuro-
protection via antiapoptosis. In our cell survival assay, we
confirmed that 50μM of astragaloside IV is well tolerated
in PC12 cell with minimal apoptosis detected (Figure 3(d)),
and suggesting such a concentration is neuroprotective with
low adverse effects.

Dysregulation of ER functions leads to the accumulation
of misfolded-or unfolded-protein in the ER lumen and UPR.
IRE1, PERK, and ATF6 are three UPR downstream pathways
regulating the gene expressions to maintain ER homeostasis
[56]. Unmitigated ERS leads to cell apoptosis [57]. Studies
have shown that the PERK pathway plays a neuroprotective
role in the brain injury caused by experimental cerebral hem-
orrhage [31]. Notoginsenoside R1 regulates ATF6/Akt path-
way through estrogen receptor and reduces OGD/R-induced
neuronal damage. RACK1 upregulation induces neuroprotec-
tion by activating the IRE1-XBP1 pathway in rat traumatic
brain injury [58]. We found that 2-DG significantly increased
the expressions of IRE1, p-PERK, and ATF6, while astragalo-
side IV inhibited the increases of IRE1 and p-PERK, but not
ATF6. These data suggested that IRE1 and PERK pathways
are involved in the neuroprotection by astragaloside IV.

GSK-3β kinase is a key signaling molecule regulating struc-
tural and functional synaptic plasticity in the normal brain [25].
Furthermore, the prevention of mPTP opening induced by
GSK-3β phosphorylation is important to reduce cell damage.
Grape seed-derived proanthocyanidins reduce neuronal oxida-
tive damage by inhibiting the GSK-3β-dependent mPTP open-
ing [18]. We found 2-DG significantly reduced GSK-3β
phosphorylation, while astragaloside IV inhibited such phos-
phorylation. Our data suggested that astragaloside IV protects
PC12 cells through GSK-3β phosphorylation.

In conclusion, astragaloside IV protected PC12 cell sur-
vival from ERS by inactivating GSK-3β and preventing
mPTP opening. We further show that IRE1 and PERK but
not ATF6 is important for neuroprotection of astragaloside
IV (Figure 8). Our in vitro results warrant the further study
of neuroprotective mechanisms of astragaloside IV using
in vivo models.
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Cardiac remodeling describes a series of structural and functional changes in the heart after myocardial infarction (MI). Adverse
post-MI cardiac remodeling directly jeopardizes the recovery of cardiac functions and the survival rate in MI patients. Several
classes of drugs are proven to be useful to reduce the mortality of MI patients. However, it is an ongoing challenge to prevent
the adverse effects of cardiac remodeling. The present review aims to identify the pharmacological therapies from the existing
clinical drugs for the treatment of adverse post-MI cardiac remodeling. Post-MI cardiac remodeling is a complex process
involving ischemia/reperfusion, inflammation, cell death, and deposition of extracellular matrix (ECM). Thus, the present
review included two parts: (1) to examine the basic pathophysiology in the cardiovascular system and the molecular basis of
cardiac remodeling and (2) to identify the pathological aspects of cardiac remodeling and the potential of the existing
pharmacotherapies. Ultimately, the present review highlights drug repositioning as a strategy to discover effective therapies from
the existing drugs against post-MI cardiac remodeling.

1. Introduction

Acute myocardial infarction (AMI), commonly referred to as
a heart attack, is one of the most common cardiovascular dis-
eases and a significant cause of morbidity and mortality,
while 7.3 million deaths per year were estimated worldwide
[1, 2]. The loss of functional myocardium characterizes the
pathology of AMI. The myocardial injury initiates adaptive
immune responses so that the heart undergoes structural
and functional changes to maintain the cardiac outcome.
Such changes in the heart are termed as cardiac remodeling
[3]. Although cardiac remodeling was initially created to
describe the anatomical changes in the left ventricle of the
infarcted hearts, myocardial infarction (MI) is well-known
to alter cardiac energy metabolism, impair intramyocardial
perfusion, and attenuate diastolic and systolic functions [4].

Post-MI cardiac remodeling involves several pathophysi-
ological processes, such as ischemia/reperfusion, cell death,
inflammation, synthesis, and deposition of the extracellular

matrix (ECM), resulting in changes in ventricular morphol-
ogy, structure, and functions [5, 6]. It is an ongoing challenge
to overcome the adverse effects of post-MI cardiac remodel-
ing. Enormous effort has been made to develop effective tar-
geted pharmacological therapies by targeting the basic
pathophysiological processes [7–9]. Nevertheless, several
existing treatments are often administered simultaneously
to achieve satisfactory efficacy. Drugs, including adenosine,
nicorandil, nitroprusside, and atrial natriuretic peptide and
statins, are administered with other therapies for ischemia/r-
eperfusion injury [10, 11]. Indeed, clinical experience in the
past 30 years validated the effectiveness of several existing
drugs and interventions to reduce the mortality of AMI
patients. However, little is known about the pharmacological
approaches for effectively controlling cardiac remodeling [5,
12, 13]. In clinical practice, drugs including angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers,
aldosterone inhibitors, renin inhibitors, nicorandil, beta-
blockers, and statins are administered chronically for
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effective treatment of the chronic phase of left ventricular
remodeling [14, 15]. It appears that the combination therapy
with two or more drugs (e.g., ACE inhibitors/AR blockers,
aldosterone antagonist) is currently the preferred strategy
for preventing post-MI adverse cardiac remodeling [6].
Therefore, the improvement of therapeutics for myocardial
recovery should be achieved based on the comprehensive
understanding and analysis of the pathobiology of cardiac
remodeling [9, 16]. It is of great interest to identify novel
molecular targets in the pathology of cardiac remodeling
and dysfunction [17, 18].

The present review basically examined different key path-
ological aspects of cardiac remodeling and the existing phar-
macotherapies in the past 10 years. The findings from this
review may pave the avenue to develop effective therapeutics
for treating the adverse effects of cardiac remodeling.

2. Key Pathological Alterations in
Cardiac Remodeling

Cardiac remodeling is a complex process in which the path-
ologic stimuli alter cardiac structure, shape, and function
[6]. Cardiac remodeling encompasses both the MI-triggered
acute events within 90min of an ST-elevation myocardial
infarction as well as the long-standing events in the post-
MI period of months or even years [6, 19–21]. In the early
phase of MI, cardiac remodeling is driven by the infarct
expansion [22]. Early changes are detectable within hours
to days after the acute myocardial insult. Myocardial necrosis
results in an influx of inflammatory cells, including macro-
phages and neutrophils [23]. The influx of different inflam-
matory cells leads to the destruction of the collagen
scaffolding, leading to the alteration of ventricular shape,
regional thinning, and dilation of the myocardium in the
infarcted areas [24]. Over the following weeks to months,
the viable myocardium is still challenged by different patho-
logic events including the activation of proteases and elevated
expression of cytokines, especially those that may induce car-

diomyocyte apoptosis and increase the release of the proin-
flammatory factor. The late phase involves reactive myocyte
hypertrophy, interstitial fibrosis, and left ventricular dilata-
tion [25]. Adverse cardiac remodeling is known to impair
ventricular function and cause heart failure, representing a
significant cause of mortality and morbidity in AMI patients
[26]. However, the existing cardiovascular medicines are not
designed to target cardiac remodeling due to the lack of
understanding of the molecular mechanism of cardiac
remodeling [4].

In fact, the post-MI remodeling process involves inflam-
matory, proliferative, and maturation phases. The patho-
logic responses in the infarcted heart include but not
limited to ischemia, ischemia-reperfusion injury, inflamma-
tion (myocarditis), biomechanical stress, excess neurohor-
monal activation, excess afterload (hypertension, aortic
stenosis), and cytokine storm [22, 26]. The post-MI phases
and main pathological changes in cardiac remodeling are
illustrated in Figure 1.

2.1. Ischemia in the Infarcted Heart. The basic pathology of
MI is characterized by ischemia and cardiomyocyte death
due to the imbalance between oxygen supply and demand
[27, 28]. Myocardial ischemia markedly perturbs the ionic
balance in cardiac metabolism [29]. Ischemia is known to
cause the sudden cessation of oxidative phosphorylation
and forces cardiomyocytes to overrun glycolysis for ATP
production. Under physiological conditions, cardiomyocytes
possess sufficient energy reserves to maintain contractility
against short-time ischemia [30]. The prolonged ischemia
disturbs myocardial metabolism and thereby reduces myo-
cardial contractility. Indeed, myocardial ischemia not only
causes systolic dysfunction but also reduces the compliance
of the ventricle and diastolic dysfunction. When MI occurs,
cardiomyocytes undergo necrosis due to initial ischemia
and subsequent apoptosis during reperfusion as free radicals
activate proapoptotic pathways [31, 32]. During adverse car-
diac remodeling, the heart undergoes progressive ventricular

Cardiomyocyte 
deathIschemia Inflammation Extracellular matrix (ECM)

changes

Early remodeling
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(up to 12 weeks)

Myocardial
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Autophagy
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Figure 1: The phases and the main pathological changes in post-MI cardiac remodeling. The early remodeling includes ischemia, cell death,
and inflammation within hours to days after the acute myocardial insult. The late remodeling is characterized by ECM deposition and causes
reactive cardiac hypertrophy, cardiac fibrosis, and ventricular dilatation.
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dilatation, cardiac hypertrophy, fibrosis, and deterioration of
cardiac performance. Thus, the outcome of cardiac remodel-
ing is determined by interactions between the adaptive mod-
ifications and negative adaptations in cardiomyocytes [33].

2.2. Cardiomyocyte Death. The heart represents a well-
organized assembly of cardiomyocytes, fibroblasts, endothe-
lial, and smooth muscle cells. The death of cardiomyocytes
directly causes post-MI heart failure [34, 35]. Upon MI, car-
diomyocytes are damaged by necrosis, apoptosis, and
autophagy. Several cellular pathways are activated to drive
the progression from cardiac injury to adverse cardiac
remodeling [4, 36]. Apoptosis, autophagy, and necroptosis
are the regulated forms of cell death in infarcted hearts,
although it is difficult to quantify the contributions of indi-
vidual forms to the infarct size [37–39]. Progressive cell death
directly causes cardiac remodeling in chronically overloaded
hearts [6, 40]. Apoptosis is an energy-dependent form of cell
death with DNA disintegration and without an associated
inflammatory response. Apoptosis signal-regulating kinase
(ASK) is the key mediator of cell death and susceptibility to
heart failure in heart hypertrophy [5]. Necroptosis represent-
ing programmed necrosis is recently described as a novel
form of regulated cell death and may play a prominent role
in cardiovascular diseases [6]. With high relevance to necro-
sis and apoptosis, necroptosis is uniquely regulated by the
activation of specific receptor-interacting protein kinases
[41, 42]. Autophagy is another regulated form of cell death,
characterized by the orderly degradation and recycling of
cellular components, and upregulated in response to nutri-
ent deprivation [43, 44], oxidative stress [45], and hypoxia
[46]. A recent study showed that beclin-1 heterozygous defi-
ciency protected mice from adverse cardiac remodeling in
the model of I/R via regulating autophagy [47]. During the
heart transplantation in mice, mechanical unloading of the
LV activates autophagy and of FoxO3, leading to cardiac
atrophy [48]. FoxO proteins are critical regulators of
autophagy in the regression of cardiac hypertrophy after
unloading the hypertrophic stimuli. Upregulation of FoxO
proteins may be a novel therapeutic target to reverse cardiac
hypertrophy via autophagy-mediated mechanism [33, 48].
Interestingly, the extent of activation determines whether
autophagy protects cells from apoptotic death or promotes
cell death [6, 49]. Presumably, apoptosis, necrosis, and
autophagy coexist in many ways, such as in parallel and
sequential in different sequences [50, 51]. Therefore, further
investigation should define how much each type of cell death
contributes to myocardial remodeling [4].

2.3. Inflammation. Myocardial ischemia and necrosis stimu-
late robust infiltration of leukocytes, which not only helps to
clear necrotic debris but also triggers an intense organized
inflammatory response [52, 53]. Such inflammatory cascade
involves various components of the innate immunity and
affects cardiomyocytes and noncardiomyocyte cells [31, 54].
During the first few days after MI, ischemic or nonischemic
cardiomyocytes undergo necrosis and secret cytokines (e.g.,
tumor necrosis factor-α (TNF-α), interleukin-1 beta (IL-
1β), and interleukin (IL-6). These cytokines recruit inflam-

matory cells to the site of injury, leading to adverse cardiac
remodeling and dysfunction [4, 53, 55]. Excessive inflamma-
tory response induces myocardial apoptosis and promotes
cardiac pathological remodeling [56]. On the other hand,
some of the immune cells may contribute to the wound-
healing process for post-MI cardiac repair [56].

Post-MI inflammation plays a critical role in determining
AMI size and post-MI adverse cardiac remodeling. The det-
rimental effects of AMI are mediated by several inflamma-
tory mediators, which are important therapeutic targets for
cardiac protection [57, 58]. Firstly, the NACHT, LRR, and
PYD domain-containing protein 3 (NLRP3) inflammasome
is an important ubiquitous intracellular pattern recognition
receptor for regulating the inflammatory response during
AMI [59]. Particularly, the NLRP3 inflammasome deter-
mines the production of IL-1β and ensures systemic inflam-
matory response. In the early phase of inflammation, the
inflammasome specks are detectable in the endothelial cells,
cardiomyocytes, and fibroblasts. The expression of NLRP3
and the activity of the inflammasome in the heart were low
within 3 h after AMI in a mouse model of ischemia-
reperfusion injury [60, 61]. In this model, the NLRP3
inflammasome was formed in the myocardium within 3–
24 h after AMI, contributed to the inflammatory response,
and exacerbated the ischemia-reperfusion injury [60].
Importantly, genetic and pharmacological inhibitions of
the inflammasome-related components (e.g., caspase 1, IL-
1β, ASC, and NLRP3) are effective to reduce MI size [62–
66]. The MI-induced inflammatory response is schemati-
cally illustrated in Figure 2.

Neutrophils are well-known to be the first-line defender
against invading microorganisms. Within the context of
MI, neutrophils are activated to generate oxygen free radicals
and secrete chemokines and matrix metalloproteinases
(MMPs) [67]. Dysregulation of neutrophils may affect car-
diac remolding due to overproduction of free radicals, insuf-
ficient phagocytosis of cell debris, and aberrant degradation
of the extracellular matrix.

Secondly, macrophages are known to play a significant
role in the pathophysiology of MI, while the timely switch
of macrophage polarization is a potential therapeutic target
for promoting myocardial healing [62, 68, 69]. Macrophage
phenotypes are classified into activated macrophages (M1)
and alternatively activated macrophages (M2) [70]. Depend-
ing on the pathological environment, M2 macrophages are
further differentiated into the following four polarization
subtypes: M2a, M2b, M2c, and M2d. Gleissner et al.
described another M4 macrophage, which is different from
phenotypes M1 and M2 [71]. Although several factors have
been identified for regulating macrophage polarization, little
is known about the spatiotemporal relationships and func-
tions of the various macrophage subsets in the post-MI car-
diac remodeling [72, 73]. A recent study demonstrated that
cardio sphere-derived cells decreased proinflammatory M1
macrophages but increased anti-inflammatory M2 macro-
phages in the infarcted hearts, thereby supporting heart
repair [74]. In vivo IL-10 infusion significantly improved
post-MI cardiac physiology and increased cardiac macro-
phage M2 polarization and fibroblast activation to moderate
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collagen deposition [74]. Therefore, pharmacological modu-
lation of monocyte differentiation and macrophage polari-
zation could provide anti-inflammatory and reparative
therapeutic strategies for the treatment of post-MI cardiac
remodeling [62].

2.4. Changes in Cardiac ECM. Cardiac ECM serves as the cel-
lular scaffold to maintain the shape and geometry of the heart
[75]. Biochemically, ECM represents a complex network of
different cellular components including collagen, MMPs, and
cell surface adhesion molecules [76]. The composition of the
ECM components determines cardiac remodeling in the
infarct heart. In the early phase after MI, cardiac fibroblasts
migrate to the infarcted area in response to cytokines, synthe-
size and secrete ECM components (mainly collagen) to replace
the necrotic tissues, stabilize the cardiac structure, and prevent
cardiac rupture. Uncontrolled deposition of ECM compo-
nents promotes the formation of myocardial fibrosis,
decreases ventricular compliance, and causes cardiac dysfunc-
tion and heart failure over a long time. Moreover, cardiac
fibrosis further stimulates the electrophysiological remodeling,
inducing arrhythmogenesis and affecting the quality of life.

Different endogenous factors dynamically regulate the
synthesis and degradation of ECM components. The healthy
cardiac ECM is primarily composed of type I collagen (70%)
and type III collagen (12%). Type I, III, IV, V, and VI collagen
are increased in the infarct region, while type I collagen and
type III collagen are the major components of the myocardial
scar [77, 78]. Moreover, ischemia and reperfusion are known
to profoundly increase several other ECM proteins, including
intermediate cartilage layer protein 1 (CILP1), asporin, adipo-
cyte enhancer-binding protein 1 (AEBP1), and transforming
growth factor β-induced gene-h3 (TGFBI) in the border zone
at 15 days after reperfusion in a porcine model of ischemia/r-
eperfusion injury [79]. Collectively, the remodeling of the
myocardium structure involves the excessive accumulation

of fibrillar collagen matrix in the form of “reparative” and
“reactive” fibrosis, causes adverse consequences on ventricular
function and arrhythmogenicity, and supports the pathophys-
iological concept of interstitial heart disease [56].

The proliferative phase of cardiac remodeling is hall-
marked by scar formation at 2–7 days for mice and 4–14 days
for humans, respectively. Pharmacological intervention is
needed to limit pathological ECM remodeling and promote
infarct repair. Collagen-based biomaterials may provide
mechanical support, improve angiogenesis and tissue inte-
gration, reduce inflammation and apoptosis, and limit
adverse remodeling and the loss of cardiac function in the
animal MI models [80, 81]. On the other hand, recombinant
human collagen was also evaluated for the preparation of
clinically relevant biomaterials to reduce pathological remod-
eling and ameliorate post-MI cardiac functions [82].

3. Pharmacological Approaches

Cardiac remodeling contributes to the development and
progression of ventricular dysfunction, arrhythmias, and
poor prognosis. Uncontrolled cardiac remodeling is a signif-
icant cause of mortality and morbidity in AMI patients [67].
Therefore, adverse cardiac remodeling is an important ther-
apeutic target for the treatment of AMI. In fact, the basic
pathophysiological processes are targeted for the develop-
ment of pharmacological treatments [83, 84]. Different
existing drugs including β-adrenergic receptor (β-AR)
blockers, angiotensin-converting enzyme (ACE) inhibitors,
angiotensin-receptor (AR) blockers, mineralocorticoid
receptor blockers, hydralazine, nitrates, and cardiac resyn-
chronization therapy have been evaluated for preventing
adverse cardiac remodeling [22, 85].

3.1. β-AR Blockers. The activation of β-ARs increases the
cAMP synthesis and activates protein kinase A, representing

Macrophage polarization 

Myocardial cell death

M1 M2

Pro-
inflammatory
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inflammatory
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activation
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Figure 2: Macrophage M1/M2 polarization and the inflammatory response in MI. MI-induced inflammatory response includes the initial
proinflammatory and the subsequent anti-inflammatory reparative phase. In the proinflammatory phase, macrophages undergo M1
polarization while activation of the NLRP3 inflammasome increases the release of proinflammatory cytokines (such as IL-1β, IL-18, IL-1α,
CCL21). In the subsequent anti-inflammatory reparative phase, macrophages undergo M2 polarization while anti-inflammatory factors
(such as IL-10, IL6, TGF-β) are produced to execute the resolution of cardiac inflammation.
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the primary mechanism for acute enhancement of cardiac
reserve to maintain heart function [6]. The β-AR blockers
suppress the activation of β-ARs and attenuate adverse cardiac
remodeling at the molecular and organ levels [86]. Indeed,
several β-AR blockers exhibit potential for reversing cardiac
remodeling, although such results should be further validated
by clinical trials [87]. A recent report suggested that β-AR
blockers reduced the profibrotic potential of resident cardiac
progenitor cells in patients [88]. Interestingly, excessive adren-
ergic stimulation may also affect the in situ myofibroblastic
potentials of resident progenitors through β2-AR signaling,
resulting in detrimental profibrotic outcomes [89]. Acute
overactivation of β-ARs induces inflammasome-dependent
production of IL-18 within the myocardium while activates
cytokine cascades, macrophage infiltration, and pathological
cardiac remodeling [90]. Neutralizing IL-18 at the early stage
of β-AR activation successfully prevented inflammatory
responses and cardiac injuries. β-adrenergic stimulation on
the β-AR-Gαs/Src pathway activates the STAT3 pathway for
maintaining normal cardiac function and minimizing adverse
cardiac remodeling [91]. Cardiac-specific overexpression of
β3-AR inhibits the hypertrophic response to neurohormonal
stimulation through a NOS-mediated mechanism [92]. Thus,
β3-AR agonists may have therapeutic potential for the modu-
lation of cardiac remodeling.

3.2. ACE Inhibitors and AR Blockers. The renin-angiotensin
system regulates the structural remodeling of the left ventri-
cle for post-MI cardiac healing and long-term prognosis
[92]. Interestingly, the renin-angiotensin system is regulated
by multiple mechanisms: (1) β-AR blockers inhibit the secre-
tion of renin, (2) renin inhibitors directly diminish the activ-
ity of renin, (3) ACE inhibitors block the formation of
angiotensin II, and (4) AR blockers dampen the activation
of angiotensin II type 1 (AT1) receptor. As shown in
Figure 3, these pharmacological mechanisms may inhibit
the renin-angiotensin system in a synergistical manner.

It is well-known that acute activation of the renin-
angiotensin-aldosterone system alleviates hemodynamic
stress. Dysregulation of the renin-angiotensin-aldosterone
system is often associated with hypertension, oxidative stress,
and adverse cardiac remodeling [93]. The sustained release of
angiotensin promotes cardiac fibrosis, cellular necrosis, and
cardiomyocyte hypertrophy. Indeed, agents that inhibit
either the renin-angiotensin-aldosterone system or sympa-
thetic nervous system reduced mortality in MI patients
[94]. ACE inhibitors are widely used in the management of
heart failure in the last three decades [95]. Several random-
ized clinical trials demonstrated the beneficial effect of ACE
inhibitors, mineralocorticoid receptor blockers, and AR
blockers in the management of heart failure patients [25].
These drugs act at the different points in the signaling cas-
cade of angiotensin II to strop adverse cardiac remodeling
regardless of the changes in blood pressure [96]. Others
showed that ACE inhibitors favourably altered the loading
conditions for LV, reduced progressive LV remodeling, and
improved clinical outcomes [97, 98]. AR blockers block the
effects of angiotensin II particularly at the receptor subtype
1 level to mediate vasoconstriction, sodium and water reten-
tion, cardiac hypertrophy, and cardiac fibrosis [99]. It is note-
worthy that randomized trials have not approved the
superiority of AR blockers over ACE inhibitors, although
angiotensin II antagonism is theoretically favourable in
patients with AMI [10, 100].

On the other hand, the stimulation of the renin-
angiotensin-aldosterone system leads to the activation of dif-
ferent MMPs in the heart and subsequent degradation of
extracellular proteins in the myocardium [37, 101]. MMP-2
and MMP-9 are two typical MMPs for ECM degradation
and post-MI cardiac remodeling [102, 103]. Pharmacological
inhibition of MMPs is sufficient to limit tissue damage in ani-
mal MI models [104, 105].

3.3. Anti-Inflammatory Agents. Inflammation is a critical
driving force for post-MI ventricular remodeling [106].
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𝛽-AR blockers
Liver

Kidney
ACE

Perfusion

Cardiac remodeling

Myocardial infarction

Angiotensinogen

Angiotensin I

Angiotensin II

Angiotensin II receptors

Figure 3: MI-induced activation and pharmacologic inhibition of the renin-angiotensin-aldosterone system. Renin-angiotensin-aldosterone
system regulates the functions of multiorgans. AMI causes a decrease in cardiac output, reduces tissue perfusion in the kidney and liver, and
stimulates renin and angiotensinogen production. Consequently, angiotensin production is increased to stimulate ventricular remodeling.
Meanwhile, aldosterone has similar effects on cardiac remodeling.
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Unrestrained inflammation induces matrix degradation and
cardiomyocyte apoptosis in the infarcted myocardium
[107]. Prolonged inflammation is known to promote LV
dilation, impair LV physiology, and enhance excessive scar
formation [108]. Thus, modulation of the inflammatory
response represents a potential strategy for intervening
post-MI cardiac remodeling. Timely and effective suppres-
sion of inflammatory signaling in infarcted hearts is of great
importance to protect the myocardium from dilative
remodeling and progressive cardiac dysfunction [109].
Indeed, inhibition of the initial proinflammatory responses
and promotion of the subsequent anti-inflammatory repar-
ative responses are essential therapeutic strategies to limit
MI size and prevent adverse LV remodeling [62]. Therefore,
timely resolution of cardiac inflammation is critical to con-
trol cardiac remodeling [53].

Therapeutic targets are primarily several cytokines that
control the initial proinflammatory response and promote
the subsequent anti-inflammatory reparative response.
Firstly, IL-1 is an important proinflammatory cytokine for
the treatment of atherosclerosis, AMI, and heart failure
[110]. Interestingly, blockade of IL-1β signaling limits
adverse cardiac remodeling after AMI [111, 112]. IL-1α is
released from the damaged cardiomyocytes and activates
IL-1R1 on cardiac fibroblasts, inducing early myocardial
remodeling in AMI [111]. Preclinical research and clinical
trials validated the role of IL-1α in the initiation of post-MI
inflammation and the role of IL-1β in adverse cardiac
remodeling and heart failure [63]. Secondly, the CC-
chemokine CCL21 interacts with receptor CCR7 to regulate
inflammation and immune cell recruitment in response to
pressure overload in symptomatic aortic stenosis [113].
Thirdly, IL-10 is an anti-inflammatory cytokine for resolving
cardiac inflammation [114]. Myocardial ischemia and reper-
fusion significantly increased IL-10 in the serum within 6 h in
animal models [53]. Finally, the NLRP3 inflammasome is a
multiprotein complex for regulating the proteolytic activa-
tion of caspase 1 and proinflammatory cytokines such as
IL-1β and IL-18 [64]. NLRP3 inhibition significantly reduced
infarct size and preserved cardiac function, suggesting that
the early activation of NLRP3 inflammasome may control
the downstream inflammatory signaling [115].

3.4. Miscellaneous Aspects

3.4.1. Circadian Rhythm Regulation. Circadian rhythm is
known to regulate various biological and cardiovascular
rhythms in health and disease and modulates post-MI car-
diac remodeling and dysfunction [116, 117]. Circadian
rhythms control myocardial homeostasis, apoptosis, autoph-
agy, and necrosis [51]. Circadian rhythm is closely associated
with the systems that modulate oxidative stress and may
thereby modulate post-MI cardiac remodeling [118]. Melato-
nin is a well-known circadian rhythm regulator and antioxi-
dant. Several studies demonstrated the cardioprotective
activity of melatonin in AMI [119, 120].

3.4.2. Noncoding RNAs (ncRNAs). ncRNAs include small
ncRNAs and long ncRNAs (lncRNA) while miRNAs are a
class of small ncRNAs [121]. Intravenous miR-144 adminis-
tration decreased the left ventricular remodeling in post-MI
hearts. Further analysis revealed that miR-144 decreased
myocardial fibrosis, inflammation, and apoptosis by regulat-
ing the autophagy signaling pathways [122]. The lncRNA
Wisper reduced the cardiac fibrosis and prevented myocar-
dial remodeling in post-MI hearts [123]. Downregulation of
lncRNA Neat1 and AK139328 alleviated the myocardial
ischemia/reperfusion injury via regulating the autophagy sig-
naling [124]. The lncRNAMhrt also protected the heart from
cardiac hypertrophy by ATP-dependent chromatin-
remodeling [125].

3.4.3. Gut Microbiota. Dysbiosis of the gut microbiota has
recently emerged as a novel target for the control of cardiac
remodeling [126]. Gut microbiota composition is linked to
cardiovascular diseases (CVD) through multiple mecha-
nisms including (1) direct effects of microbial metabolites
on atherosclerosis and thrombosis and (2) immune modula-
tion by bacteria and their products [127]. Probiotics may
change gut microbiota composition to achieve the maximal
beneficial effect on the cardiac remodeling process in MI
patients. Lam et al. confirmed the potential effects of micro-
biota on the post-MI ventricular remodeling [128]. Oral
administration of antibiotic vancomycin and probiotic Good
belly was containing Lactobacillus plantarum and Bifidobac-
terium lactis Bi-07 before ischemia/reperfusion (I/R) injury
significantly reduced infarct size and improved myocardial
function in rats [129]. An increasing number of recent stud-
ies validated the link of gut microbiota to myocardial

Table 1: Summary of pharmacological therapies against adverse post-MI cardiac remodeling.

Drug/target Mechanism of action Drug application phase References

β-AR blockers Prevent β-ARs/desensitization Clinical [86, 87, 89, 90]

ACE inhibitors Inhibit angiotensin-converting enzyme Clinical [95, 97, 98]

AR blockers Inhibit angiotensin receptor/desensitization Clinical [25, 99, 100]

Anti-inflammatory agents Resistance to an excessive inflammatory response Clinical [106, 107, 110, 115]

Probiotics Regulate gut microbiota Preclinical [126, 127, 130, 131]

Antibiotics Inhibit matrix metalloproteinase/opening mPTP Clinical [132–134, 136]

Circadian rhythm regulators Control cell fate/modulate oxidant stress Preclinical [117, 118, 120]

Noncoding RNAs
(ncRNAs)

Reduced the cardiac fibrosis/regulating the autophagy signaling Preclinical [121–123, 125]
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function and repair in AMI [130]. Selective gut modulation
by probiotic administration improved metabolic dysfunction
and attenuated cardiac remodeling in AMI [131].

3.4.4. Antibiotics. Antibiotics may affect ventricular remodel-
ing in the immediate post-MI setting. The “PROVE IT-
TIMI22 trial” demonstrated that long-term treatment with
gatifloxacin could prevent major adverse cardiovascular
events in the subjects with recent acute coronary syndrome
[132]. Doxycycline attenuated adverse ventricular remodel-
ing via inhibiting MMPs [133]. Experimental and clinical
studies suggested that cyclosporine could attenuate reperfu-
sion injury and prevent adverse left ventricular remodeling
[134]. Mechanistically, cyclosporine is a pharmacologic
inhibitor of cyclophilin D, a central regulator for the opening
of the mitochondrial permeability transition pore (mPTP).
Indeed, either genetic or pharmacologic inhibition of cyclo-
philin D reduced the severity of myocardial reperfusion
injury [135, 136].

4. Conclusion and Perspectives

The present review is aimed at identifying drugs for effective
treatment of adverse cardiac remodeling in MI. We have
summarized the pharmacological therapies on cardiac
remodeling after AMI (Table 1). Firstly, the complex patho-
physiological processes of cardiac remodeling were investi-
gated to understand better the interactions between the
cellular components, signaling molecules, the ECM compo-
nents, and neurohormonal regulation. Secondly, the capacity
of several classes of the existing drugs was assessed to target
the vital pathological processes in cardiac remodeling. Sur-
prisingly, different drugs should be combined to achieve effi-
cacy in selected patients. Therefore, a better understanding of
the complex pathological process of cardiac remodeling pro-
vides the key to develop more effective and safe strategies for
the treatment of post-MI cardiac remodeling.
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Background. Neuron survival after ischemia-reperfusion (IR) injury is the primary determinant of motor function prognosis.
MicroRNA- (miR-) based gene therapy has gained attention recently. Our previous work explored the mechanisms by which
miR-137-3p modulates neuronal apoptosis in both in vivo and in vitro IR models. Methods. IR-induced motor dysfunction and
spinal calpain (CAPN) subtype expression and subcellular localization were detected within 12 h post IR. Dysregulated miRs,
including miR-137-3p, were identified by miR microarray analysis and confirmed by PCR. A luciferase assay confirmed CAPN-
2 as a corresponding target of miR-137-3p, and their modulation of motor function was evaluated by intrathecal injection with
synthetic miRs. CAPN-2 activity was measured by the intracellular Ca2+ concentration and mean fluorescence intensity in vitro.
Neuronal apoptosis was detected by flow cytometry and TUNEL assay. The activities of p35, p25, Cdk5, and caspase-8 were
evaluated by ELISA and Western blot after transfection with specific inhibitors and miRs. Results. The IR-induced motor
dysfunction time course was closely associated with upregulated expression of the CAPN-2 protein, which was mainly localized
in neurons. The miR-137-3p/CAPN-2 interaction was confirmed by luciferase assay. The miR-137-3p mimic significantly
improved IR-induced motor dysfunction and decreased CAPN-2 expression, even in combination with recombinant rat calpain-
2 (rr-CALP2) injection, whereas the miR-137-3p inhibitor reversed these effects. Similar changes in the intracellular Ca2+

concentration, CAPN-2 expression, and CAPN-2 activity were observed when cells were exposed to oxygen-glucose deprivation
and reperfusion (OGD/R) and transfected with synthetic miRs in vitro. Moreover, double fluorescence revealed identical
neuronal localization of CAPN-2, p35, p25, and caspase-8. The decrease in CAPN-2 expression and activity was accompanied
by the opposite changes in p35 activity and protein expression in cells transfected with the miR-137-3p mimic, roscovitine (a
Cdk5 inhibitor), or Z-IETD-FMK (a caspase-8 inhibitor). Correspondingly, the abovementioned treatments resulted in a higher
neuron survival rate than that of untreated neurons, as indicated by decreases in the apoptotic cell percentage and p25, Cdk5,
caspase-8, and caspase-3 protein expression. Conclusions. The miR-137-3p/CAPN-2 interaction modulates neuronal apoptosis
during IR injury, possibly by inhibiting CAPN-2, which leads to p35 cleavage and inhibition of subsequent p25/Cdk5 and
caspase-8 overactivation.

1. Introduction

Spinal cord ischemia-reperfusion (IR) injury occurs during
operations that require a transient block of blood flow to
the spinal cord [1, 2]. Usually, reperfusion cannot prevent
ischemia-induced neurological impairment (known as pri-
mary insults), but it will further aggravate neurological func-
tion (known as secondary insults) during the initial period

[3]. Apart from the high incidence of sensory deficits, IR
injury is reported as a major cause of permanent motor dys-
function due to extensive neuronal death after recovery of
blood flow [4–6]. Due to the limited proliferative capacity
of adult neurons, exploration of the underlying mechanisms
is of particular importance to prevent neuronal death [7].
Various types of neuronal death have been reported, includ-
ing apoptosis, necroptosis, and ferroptosis [5, 7, 8]. We

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2020, Article ID 2616871, 17 pages
https://doi.org/10.1155/2020/2616871

https://orcid.org/0000-0002-3427-0717
https://orcid.org/0000-0003-1574-2077
https://orcid.org/0000-0001-7897-8680
https://orcid.org/0000-0002-7461-0069
https://orcid.org/0000-0001-6676-735X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/2616871


previously identified which types of cell death are involved in
a specific type of spinal cord IR injury and found that block-
ing apoptosis effectively preserved hind-limb motor function
in rodent models [5, 9]. Some recent studies have shown that
phenomena disturbing ionic homeostasis, such as excessive
intracellular calcium ion concentrations ([Ca2+]) in neurons
induced by ischemic or mechanical injury, could eventually
trigger neuronal apoptosis by influencing vital biological
functions and metabolism [10–12]. Thus, preserving intra-
cellular calcium homeostasis may represent a promising
strategy for attenuating neuronal apoptosis after IR insult.

Increased intracellular Ca2+ levels can activate a variety of
proteases [13]. Belonging to a family of calcium-dependent
neutral proteases, calcium-activated neutral proteinases
(CAPNs, also called calpains) are the most well-known effec-
tors that react to intracellular Ca2+ dysregulation through
calcium-binding subunits [14, 15]. Eleven types of calpain
isoforms have been identified in humans thus far, of which
calpain-1 (μ-calpain (CAPN-1)) and calpain-2 (m-calpain
(CAPN-2)) are the most widely ubiquitous isoforms in the
central nervous system (CNS) [13]. Exhibiting the same sub-
cellular localization (cytoplasm) and sharing a common
small subunit (known as CAPN-4), CAPN-1 and CAPN-2
appear to have similar biochemical properties [13, 16],
although they require micromolar and millimolar calcium
levels for activation, respectively [13–16]. However, in con-
trast to traditional views, some studies have recently sug-
gested that CAPN-1 activation plays a prosurvival role
while CAPN-2 plays neurodegenerative roles based on their
opposite functions in regulating neuronal plasticity following
CNS injury [17–19]. Commonly, the proteolytic cleavage
products of CAPN-mediated truncation substrates are bioac-
tive [13, 20, 21]. For example, the membrane-bound protein
p35 has been demonstrated to be a major substrate exclu-
sively regulated by CAPNs and can further amplify neuro-
toxic insults or oxidative stress by activating cyclin-
dependent kinase-5 (Cdk5) in the pathogenesis of neurode-
generative disease [13, 19, 20]. In vivo (rodent) and in vitro
experiments revealed that overexpressed CAPN-2 precisely
cleaved the normally membrane-bound p35 into the more
stable p25 form, which finally led to inappropriate increases
in p25/Cdk5 activation and protein levels of caspase-3, a final
executioner of neuronal apoptosis [19, 22, 23]. Previous
structural experiments further identified the N terminus of
p35 as the major element necessary to preserve the intact
covalent bond within the p35-caspase-8 crystal structure
[25]. Consistently, the p35 protein from baculovirus effec-
tively blocked the apoptosis cascade by forming a p35-
caspase-8 complex via a thioester bond [24, 25]. Thus, in
addition to modulating caspase-3, the final executioner of
apoptosis, p35 might mediate the activation of all caspases
by regulating caspase-8 proteolysis [26, 27]. Based on this
evidence, it is reasonable to infer that increased CAPN-2-
mediated p35 cleavage may lead to conformational changes
in p35 and subsequently initiate caspase-8 and downstream
caspase activation during IR injury.

MicroRNAs (miRs) are a group of small, endogenous,
noncoding RNAs [28] that are widely expressed in the CNS
and are able to negatively regulate target genes by either deg-

radation or posttranscriptional repression [5, 6, 28]. In our
previous studies, we identified hundreds of aberrant miRs
in injured spinal cords by microarray analysis [5, 6, 29].
Intrathecal pretreatment with a synthetic miR mimic signifi-
cantly improved neurological deficits by recovering the
altered miR expression [5, 6, 29]. These findings suggest
promising miR-based gene therapy targeting CAPN-2. In
this context, we first searched bioinformatical databases and
identified potential miRs that may bind CAPN-2 among all
dysregulated miRs detected by microarray analysis. Our
present study results suggested that miR-137-3p and miR-
124-3p have target interactions with CAPN-2, which is sup-
ported by another study that explored the roles of miR-137-
3p in rescuing motor neuron degeneration after brachial
plexus root avulsion injury [30]. Then, we studied the func-
tions and mechanisms by which the miR-137-3p/CAPN-2
interaction regulates neuronal apoptosis by pretreatment of
in vivo and in vitro models with synthetic miRs, a selective
CAPN-2 inhibitor, recombinant rat calpain-2 (rr-CALP2),
or a specific caspase-8 inhibitor.

2. Materials and Methods

2.1. Experimental Animals. Sprague-Dawley rats weighing
200 to 250 g were obtained from the Animal Center of China
Medical University (Shenyang, China). All rats were preaccli-
matized 7 days before surgery and housed in standard cages
under a 12h light/dark cycle with a temperature of 23-24°C
and humidity of 40-50%. The experiments were performed
in accordance with the Guide for the Care and Use of Labo-
ratory Animals (United States National Institutes of Health
publication number 85-23, National Academy Press, Wash-
ington DC, revised 1996).

2.2. Rat IR Model Establishment and Experimental Groups.
The rat IR model was established by occluding the aortic arch
for 14min [4, 29]. Briefly, after being anesthetized, the rats
were catheterized at the left carotid artery and the tail artery
to measure proximal and distal blood pressure (BP), respec-
tively. Following exposure of the aortic arch, the clamp was
placed between the left common carotid artery and the left
subclavian artery for 14min to induce ischemia, which was
confirmed as a 90% decrease in distal BP. Then, the clamp
was removed to induce reperfusion for 12 h. The sham-
operated rats were subjected to the same procedures except
for the induction of ischemia.

2.3. miR Microarray Analysis. As we previously reported, rat
miRNA microarray analysis was performed with the miR-
CURY™ LNA Array (version 11.0; Exiqon, Vedbaek, Den-
mark) [29, 31]. The L4–6 segments of the spinal cord were
collected at 4 h after reperfusion. According to the manufac-
turer’s instructions, 2.5μg of total RNA was first labeled with
the miRCURY™ Hy3™/Hy5™ Power labeling kit and then
hybridized on a miRCURY™ LNA Array (version 18.0; Exi-
qon, Vedbaek, Denmark).

After removing nonspecifically bound proteins, the
microarray slides were scanned by an Axon GenePix 4000B
Microarray Scanner (Axon Instruments, CA, USA) for
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fluorescence detection, and the fluorescence intensities of the
scanned images were loaded into the GenePix Pro 6.0 pro-
gram (Axon Instruments) for feature extraction. The aver-
ages of the replicated miRs with intensities of 50 or more
were used to calculate a normalization factor. After normali-
zation by the median normalization method, the significantly
different miRs were identified by volcano plot filtering.
Finally, hierarchical clustering was performed to determine
the differences in miR expression by MEV software (version
4.6, TIGR).

2.4. Intrathecal Injection and Drug Delivery. All treatments
in vivo, including synthetic miRs (Dharmacon, Chicago, IL,
USA) and recombinant rat calpain-2 (rr-CALP2, B71107,
150U/L, Calbiochem, China), were diluted to 20μL in total
volume and intrathecally injected, as we previously described
[5, 6]. Briefly, the needle of a 25μm microsyringe was
inserted into the L5–6 spinal cord segment by the sign of a tail
flick. Then, 100μmol/L miR-137-3p mimic, 125μmol/L
miR-137-3p inhibitor, or 100μmol/L negative control (NC)
was coadministered with Lipofectamine 3000 (Invitrogen,
USA) at 24h intervals for five consecutive days before sur-
gery. Likewise, rr-CALP was dissolved to a final concentra-
tion of 75U/L immediately before injection. The overall
effects of the number of treatment days and the dosage used
in this study were evaluated by PCR and Western blotting in
preliminary experiments. Only the rats that displayed normal
motor function were included for further study.

2.5. Motor Function Assessment.After being fully preacclima-
tized to the testing environment, the hind-limb motor func-
tions were scored by the Tarlov system by two observers
who were double-blinded to the method [5].

2.6. Luciferase Reporter Assay. The target interaction between
miR-137-3p and CAPN-2 was verified by a luciferase
reporter assay [5]. Briefly, 293T cells were seeded in a 96-
well plate at 4 × 104 cells/well and then cotransfected with
100nM miR-137-3p mimic or 100nM NC and 180 ng of a
luciferase reporter vector containing the wild-type (WT) 3′
untranslated region (3′-UTR) (5′-ACATCGTCTCTCAT-
AGCAATAT-3′) or mutant (MT) 3′-UTR (5′-ACATCG
TCTCTCATCAUGGCAT-3′) using Lipofectamine 3000. At
48 h after transfection, the relative activity was determined
with a Dual-Luciferase Reporter Assay Kit (Promega Corp.,
WI, USA).

2.7. Oxygen-Glucose Deprivation and Reperfusion (OGD/R)
Model. As we previously described, the OGD/R model was
established in 70–80% confluent VSC4.1 neurons to mimic
IR insult in vivo [5]. After two washes and replacement of
the medium with glucose-free Hank’s balanced salt solution
(HBSS), the neurons were kept in an anaerobic chamber
(95% N2 and 5% CO2) at 37°C for 6 h. Then, the initial
medium and air conditions were reapplied for another 18 h
to induce reoxygenation. The control neurons were cultured
in normal and atmosphere conditions for 24 h without depri-
vation of oxygen or glucose.

2.8. VSC4.1 Motor Neuron Culture and Treatments. VSC4.1
motor neurons were purchased from Huatuo Biotechnology
Co., Ltd. (Shanghai, China). According to the manufacturer’s
instructions, the cells were grown in 75 cm2

flasks containing
6mL of culture medium (89% Eagle’s minimum essential
medium (EMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin) at 37°C with
5% CO2 in humidified air. The culture medium was replaced
twice weekly.

For the in vitro experiment, the neurons were pretreated
with synthetic miR and specific inhibitors 24h before
OGD/R insult [5]. As we previously described, after seeding
at a concentration of 4 × 105 cells per well, the miR-137-3p
mimic (50 nmol/L) or NC (50 nmol/L) was cotransfected
with 5μL of Lipofectamine 3000; for the inhibitor experi-
ments, roscovitine (10μM, Cdk5 inhibitor, Sigma-Aldrich
Co., China) or Z-IETD-FMK (50μM, caspase-8 inhibitor,
R&D Systems, United States) was added to the culture
medium alone. The concentration of each treatment agent
and the in vitro effects were determined by PCR in prelimi-
nary experiments.

2.9. Detection of CAPN-2 Activity. The tensin homolog
(PTEN), a selective CAPN-2 substrate, is degraded by
CAPN-2 activation and is widely used for the quantitative
analysis of neuronal CAPN-2 activity in vivo and in vitro
[19, 32]. As previously described, CAPN-2 enzymatic activity
was assessed by the fold change in the mean fluorescence
intensity (MFI) of PTEN (Santa Cruz Biotechnology, CA,
USA). The increase in CAPN-2 activity was defined as the
MFI in the treated group subtracted from that in the control
group. Total CAPN-2 activity was defined as the sum of the
MFI in the treated and control groups.

2.10. Detection of Cytosolic [Ca2+]. The intracellular [Ca2+] in
VSC4.1 neurons was measured with the Ca2+-sensitive indi-
cator Fura-2/acetoxymethyl ester (AM) (Molecular Probes,
CA, USA) [14]. After each treatment, the neurons were
loaded with 5μM Fura-2-AM for 30min at 37°C in the dark.
After dilution to 1 × 106 cells/mL with the same Ca2+ buffer
solution, Fura-2-AM was excited at wavelengths of 340 and
380 nm. The relative changes in intracellular [Ca2+] were
determined by the fluorescence ratio (R) at 340/380 with
the following formula: ½Ca2+� = Kd × β × ðR − RminÞ/ðRmax −
RÞ [14]. The Calcium Calibration Buffer Kit with Magnesium
(Molecular Probes, CA, USA) was used to determine that the
Kd, a cell-specific constant, for VSC4.1 neurons was
0.264μM.

2.11. TUNEL Assay. To determine apoptosis in VSC4.1 neu-
rons following OGD/R injury, a TUNEL assay was per-
formed with the Apoptosis Detection Kit (Boster, Wuhan,
China). The assay was carried out completely according to
the manufacturer’s protocol. TUNEL was visualized with
DAB staining. The apoptotic neurons were those with either
tightly clustered brown staining or more diffuse brown
TUNEL staining confined within the cell. With the micro-
scope under a 20x objective, at least 1000 neurons from six
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random fields in each group were chosen to quantify the total
of the TUNEL-positive cells.

2.12. Detection of Caspase-8 Activity. Caspase-8 activity was
detected by a caspase-8 assay kit (Abcam, CA, USA), which
is based on the spectrophotometric detection of the p-
nitroaniline (pNA) moiety after it is cleaved from the labeled
substrate Ac-IETD by caspase-8. The samples were measured
in triplicate at an absorbance of 405nm.

2.13. Detection of p25/Cdk5 and p35/Cdk5 Activities by
ELISA. Commercialized ELISA kits (Runyu Biological Tech-
nology Co., Shanghai, China) were used to measure
p25/Cdk5 and p35/Cdk5 activities in VSC4.1 neurons.
According to the manufacturer’s instructions, the activities
in supernatants after each treatment were measured at
450nm. Each sample was analyzed in triplicate, and the aver-
age is presented as ng/L.

2.14. Detection of Neuronal Apoptosis by Flow Cytometry.
Apoptotic neurons were detected by a BD FACSCalibur flow
cytometer (BD Biosciences, MA, USA) at excitation and
emission wavelengths of 488 nm and 530 nm, respectively
[5]. Briefly, 1 × 105 neurons were first stained with 10μL of
Annexin V-fluorescein isothiocyanate (FITC) at 37°C for
15min and then counterstained with 5μL of propidium
iodide (PI) for 30min in the dark. The fluorescence was
excited at 488 nm and emitted at 530 nm. Each sample was
prepared in triplicate.

2.15. Quantitative RT-PCR. Total RNA was extracted from
L4–6 segments of spinal cords or VSC4.1 neurons by the TRI-
zol/chloroform method or the miRNeasy FFPE kit (Qiagen,
Hilden, Germany) [5]. RNA (500ng) was reverse transcribed
into cDNA by using cDNA SuperMix (TaKaRa, China) or a
MicroRNA Reverse Transcription Kit (Applied Biosystems,
USA). The levels of miR-137-3p and CAPN-2 were quanti-
fied with a TaqMan MicroRNA Assay Kit or a Power SYBR
Green PCRMaster Mix (TaKaRa, China) on an Applied Bio-
systems 7500 RT-PCR system (Applied Biosystems, CA,
USA). β-Actin or U6 was used as an internal control, and
each sample was measured in triplicate by the 2−ΔΔCT
method. The primers used in this study were as follows:
miR-137-3p (forward: 5′-ACACTCATTATTGCTTA-3′;
reverse: 5′-CTACGCGTATTGAGAGTAC-3′); CAPN-1
(forward: 5′-CTCCGGGGCAGGAGTAGGCA-3′; reverse:
5′-CTCCGGGGCAGGAGTAGGCA-3′); CAPN-2 (for-
ward: 5′-CTCCGGGGCAGGAGTAGGCA-3′; reverse: 5′
-AACTGGCTGTGGGGCTCCCA-3′); U6 (forward: 5′
-CTCGCTTCGGCAGCACA-3′; reverse: 5′-AACGCTTCA
CGAATTTGCGT-3′); and β-actin (forward: 5′-GGAGAT
TACTGCCCTGGCTCCTA-3′; reverse: 5′-GACTCATCG
TACTCCTGCTTGCTG-3′).

2.16. Double Immunofluorescence (IF). As previously
described [4, 5], for in vivo samples, the 20μm thick spinal
cord sections were blocked with 10% bovine serum albumin
(BSA) for 1 h and then incubated with the primary mouse
anti-calpain-2 antibody (Santa Cruz Biotechnology, sc-

373967, 1 : 300, Dallas, USA) and the antibodies specific for
neurons (rabbit anti-NeuN, Abcam, ab177487, 1 : 500), astro-
cytes (rabbit anti-glial fibrillary acidic protein (GFAP),
Abcam, ab7260, 1 : 500), and microglial cells (rabbit anti-
Iba-1, Abcam, ab178847, 1 : 400) overnight at 4°C. Then,
the sections were incubated with Alexa 594-conjugated don-
key anti-mouse IgG (1 : 500, Life Technologies, CA, USA)
and Alexa 488-conjugated donkey anti-rabbit IgG (1 : 500,
Life Technologies, CA, USA) for 2 h at room temperature.

For in vitro samples, after being fixed with 4% formalde-
hyde for 20min at 4°C, the neurons were permeabilized with
0.1% Triton X-100 for 10min and blocked with 3% donkey
serum for 1 h at room temperature. Then, the neurons were
incubated with a primary rabbit anti-p35 antibody (Abcam,
ab64960, 1 : 300, CA, USA), primary rabbit anti-TPPP/p25
antibody (Abcam, ab92305, 1 : 300, CA, USA), mouse anti-
calpain-2 antibody, or mouse anti-caspase-8 p18 antibody
(Santa Cruz Biotechnology, sc-393776, 1 : 400, Dallas, USA)
overnight at 4°C and then with Alexa-conjugated secondary
antibodies (1 : 500, Life Technologies, CA, USA) for 1 h at
room temperature in the dark. For cell counting, the nuclei
were counterstained with 4,6-diamidino-2-phenylindole
(DAPI, Beyotime Biotechnology, China) for 10min at room
temperature. The images were captured with a Leica TCS
SP2 fluorescence microscope (Leica Microsystems, IL,
USA), and the integrated fluorescence densities were mea-
sured with Leica IM50 software (Nussloch, Germany).

2.17. Western Blotting. The total proteins from L4–6 spinal
cords or VSC4.1 neurons were extracted and purified with a
protein extraction kit (KangChen, China) [4, 6]. After deter-
mination by a BCA protein assay kit (Beyotime Biotechnol-
ogy, China), equal protein concentrations were loaded onto
a 10% SDS-PAGE gel and transferred to PVDF membranes.
The membranes were incubated with 5% skim milk for 1 h
to avoid nonspecific binding and probed with an anti-
calpain-1 antibody (Santa Cruz Biotechnology, sc-271313,
1 : 400, Dallas, USA), anti-calpain-2 antibody (1 : 500), anti-
p35 (1 : 400), anti-TPPP/p25 antibody (1 : 500), anti-PTEN
antibody (Santa Cruz Biotechnology, sc-7974, 1 : 400, Dallas,
USA), anti-Cdk5 antibody (Santa Cruz Biotechnology, sc-
6247, 1 : 300, Dallas, USA), anti-caspase-8 p18 antibody,
anti-caspase-3 antibody (Abcam, ab184787, 1 : 500, CA,
USA), or β-actin (Santa Cruz Biotechnology, sc-47778,
1 : 2000, Dallas, USA) overnight at 4°C. After washing, the
membranes were incubated with peroxidase-conjugated sec-
ondary antibodies (Beyotime Biotechnology, A0192,
1 : 10,00, China) for 2 h at room temperature. The blots were
detected by an ECL kit (Beyotime Biotechnology, China)
and quantified by Quantity One software (Bio-Rad Labora-
tories, Italy).

2.18. Statistical Analysis. The data are expressed as the
mean ± standard deviation (SD) and were analyzed using
SPSS 19.0 software (SPSS, Chicago, USA). Statistical compar-
isons between two groups were assessed by t-tests or the
Mann–Whitney tests, whereas comparisons among three or
more groups were determined by one- or two-way ANOVA
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followed by the Tukey-Kramer test. A P value < 0.05 was
considered statistically significant.

3. Results

3.1. Temporal Changes in Motor Dysfunction and Spinal
CAPN Subtype Expression Post IR. All rats exhibited normal
motor function before undergoing IR surgery. As shown in
Figure 1(a), compared with sham-operated rats, the rats in
the IR groups displayed obvious hind-limb motor dysfunc-
tion, indicated by significant decreases in the average Tarlov
score throughout the reperfusion period (P < 0:05). Like-
wise, the protein levels of spinal CAPN-1 and CAPN-2 were
measured at 4 h intervals. In contrast to the decrease in
CAPN-1 protein expression over time, CAPN-2 protein
expression increased unimodally, peaking at 4 h post surgery
(Figures 1(b) and 1(c), P < 0:05). Notably, there were no sig-
nificant differences in CAPN-1 protein expression among
the IR groups (P > 0:05). Thus, the specific cellular localiza-
tion of CAPN-2 in injured spinal cords was further identi-
fied by double immunofluorescence at the time point with
the highest CAPN-2 expression. Colocalization was indi-
cated by a yellow fluorescent signal, revealing that the major-
ity of CAPN-2 fluorescent signals overlapped with neurons,
not astrocytes or microglia, at 4 h post surgery (Figure 1(d)).
Similarly, the quantification of the number of CAPN-2- and
NeuN-double-positive cells confirmed that the IR insult-
induced increase in CAPN-2 expression was primarily local-
ized in neurons (Figures 1(e) and 1(f), P < 0:05).

3.2. IR Altered Spinal miR-137-3p Expression and Negatively
Regulated CAPN-2 Expression In Vivo. Microarray analysis
showed that several aberrant miRs were substantially dysreg-
ulated in injured spinal cords at 4 h post IR (Figure 2(a)).
Among these miRs, miR-137-3p has been indicated to be
closely associated with neurodevelopment and CNS diseases
and to be highly expressed in the brain [30, 33]. Thus, we
hypothesized that miR-137-3p was also widely expressed in
spinal cord tissues and confirmed that it showed abnormally
decreased expression at 4 h post IR by RT-PCR (Figure 2(b),
P < 0:05). Moreover, analysis with TargetScan (Release 7.2,
http://www.targetscan.org/vert_72/) showed that the miR-
137-3p binding site has 7 base pairs that matched the 3′
-UTR of the CAPN-2 mRNA. This negative target interac-
tion was further confirmed by a luciferase reporter assay, in
which the miR-137-3p mimic significantly decreased the
luciferase activity in cells containing the WT 3′-UTR but
not the MT 3′-UTR (Figure 2(c), P < 0:05), and there were
no obvious changes in the luciferase activities of the WT
and MT 3′-UTRs of the reporter vector upon cotransfection
with the miR-137-3p NC (P > 0:05). As we previously
reported, the potential in vivo interactions were assessed by
intrathecal pretreatment with synthetic miRs [5, 6]. Consis-
tently, compared with the IR group, the group intrathecally
administered with the miR-137-3p mimic had significantly
lower CAPN-2 protein and mRNA expression levels,
whereas the group pretreated with miR-137-3p inhibitor
injection had significantly higher CAPN-2 expression
(Figures 2(d) and 2(e), P < 0:05). As expected, the synergistic

upregulation in CAPN-2 expression post IR that occurred
after injection of rr-CALP2, a recombinant CAPN-2 that spe-
cifically upregulates CAPN-2 expression, was partially
reversed by miR-137-3p mimic injection (P < 0:05). No sig-
nificant changes were detected after injection of the miR-
137-3p NC, which had no significant effects on IR-induced
CAPN-2 expression (P > 0:05).

3.3. Effects of the miR-137-3p/CAPN-2 Interaction on IR-
Induced Hind-Limb Motor Dysfunction. To further clarify
the regulatory roles of the miR-137-3p/CAPN-2 interaction
in vivo, hind-limb motor function was assessed (Figure 2(f)).
As expected, compared with baseline and sham-operated rats,
all IR-injured rats showed obvious hind-limb motor dysfunc-
tion during the reperfusion period (P < 0:05). Compared with
the time-matched injured rats in the IR group, the rats injected
with the miR-137-3p mimic exhibited higher average Tarlov’s
scores, whereas those injected with the miR-137-3p inhibitor
showed lower Tarlov’s scores (P < 0:05). Likewise, in conjunc-
tion with the mRNA and protein levels of CAPN-2, rr-CALP2
injection reversed the improvement in motor function, indi-
cated by the comparable Tarlov scores in the IR groups at all
observed timepoints (P > 0:05). There were no detectable dif-
ferences between the IR-injured rats treated with or without
miR-137-3p NC at any of the observed time points (P > 0:05).

3.4. Modulation of CAPN-2 Expression and Activity by miR-
137-3p in VSC4.1 Neurons after OGD/R.Given that increased
intracellular Ca2+ levels can activate CAPN-2 [13], we mea-
sured the free intracellular [Ca2+] in each treatment group
at 24h post OGD/R. As expected, compared to control cells,
VSC4.1 neurons exposed to OGD/R for 24h exhibited signif-
icantly increased intracellular free [Ca2+] (Figure 3(a), P <
0:05). In addition, miR-137 mimic pretreatment effectively
prevented the OGD/R-induced [Ca2+] increase, whereas the
miR-137 inhibitor aggravated the [Ca2+] increase (P < 0:05).
No differences were detected between cells treated with or
without miR-137 NC (P > 0:05).

Because PTEN is a selective substrate for CAPN-2 [32],
the OGD/R-induced changes in CAPN-2 expression and
activity were further confirmed by assessment of PTEN at
the same observed time points. As shown by representative
images of double fluorescent staining, both PTEN and p35
fluorescent labels were predominantly localized in the cyto-
plasms and nuclei of VSC4.1 neurons (Figure 3(b)). Consis-
tent with previous studies [19, 32], the mean PTEN and
CAPN-2 immunoreactivities exhibited opposite changes in
all treatment groups, confirming that the net and total
CAPN-2 activities were changed in accordance with the
intracellular [Ca2+] (Figures 3(c) and 3(d), P < 0:05). Similar
to the Western blot results in vivo and fluorescence quantifi-
cation shown in Figure 3(c), the CAPN-2 protein levels were
significantly decreased by miR-137 mimic treatment but
increased by miR-137 inhibitor treatment (Figure 3(e), P <
0:05). Conversely, PTEN protein levels were increased in
miR-137 mimic-transfected cells and decreased in miR-137
inhibitor-transfected cells (P < 0:05). No such changes were
detected upon pretreatment with miR-137 NC (P > 0:05).
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3.5. Modulation of p35 Cleavage and p25/Cdk5 Activation by
the miR-137-3p/CAPN-2 Interaction after OGD/R. Then, we
tested whether p35 cleavage and subsequent p25/Cdk5 acti-
vation were regulated by the miR-137-3p/CAPN-2 interac-
tion in VSC4.1 neurons by double immunofluorescence
staining and Western blot, as previously published [5, 19].
As shown in Figure 4(a), representative fluorescence images
showed CAPN-2, p35, and p25, and all were predominantly
localized in the cytoplasms and nuclei of VSC4.1 neurons.

OGD/R injury induced significant increases in CAPN-2 and
p25 immunoreactivity but decreased p35 immunoreactivity
in neurons at 24h post injury, consistent with the Western
blot results shown in Figures 4(d) and 4(e) (P < 0:05). Further-
more, the ELISA andWestern blot results showed that, in con-
trast to the decrease in CAPN-2 expression caused by mimic
transfection, transfection with the miR-137-3p mimic signifi-
cantly reversed the OGD/R-induced decrease in p35 activity
and protein expression (Figures 4(b)–4(e), P < 0:05), whereas
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Figure 1: Temporal changes in motor dysfunction and spinal CAPN subtype expression post IR. (a) Temporal changes in hind-limb motor
function were evaluated using Tarlov’s scores at 0.5, 1, 4, 8, and 12 h after IR. n = 6 per group. (b) Representative Western blots of CAPN-1
and CAPN-2 in injured spinal cord samples after IR. (c) Protein quantification of CAPN-1 and CAPN-2 levels after IR. The relative protein
levels were normalized to those in the sham group. The data are expressed as themean ± standard deviation (SD). n = 6 per group. ∗P < 0:05
versus the sham group. (d) Representative double immunofluorescence staining of CAPN-2 with spinal neurons (NeuN), microglia (Iba-1),
and astrocytes (glial fibrillary acidic protein (GFAP)) in the anterior horns of spinal cords at 4 h after IR. The yellow labels with white arrows
indicate colocalization. Scale bars = 50 μm. n = 6 per group. (e, f) Quantification of cells double-labeled with CAPN-2 immunoreactivity and
markers of specific cell types. The data are presented as the average of three independent images of laminae II and III in the gray matter and
expressed as the mean ± SD. ∗P < 0:05 versus the sham group.
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Figure 2: Continued.
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no differences were detected in the presence of miR-137 NC
(P > 0:05). As expected, following p35 cleavage, the activity
and protein expression profiles of p25 and Cdk5 were changed
in parallel to the CAPN-2 protein level detected in each treated
group (P < 0:05).

Additionally, transfection with roscovitine, a specific Cdk5
inhibitor, regulated p35, p25, and Cdk5 protein levels and
activity in a manner similar to that of miR-137-3p mimic
transfection, just as roscovitine and themimic had comparable
effects on CAPN-2 expression (Figures 4(b)–4(e), P > 0:05).

3.6. Modulation of Caspase-8 Activation by the miR-137-
3p/CAPN-2 Interaction after OGD/R. Likewise, we also
assessed the regulatory effects of the miR-137-3p/CAPN-2
interaction on the caspase-8-mediated apoptotic network.
As shown in representative fluorescent images, p35 and
caspase-8 were identically localized in the cytoplasms of
VSC4.1 neurons. OGD/R injury induced opposite changes
in p35 and caspase-8, as it decreased the immunoreactivity
and protein expression of p35 but increase the immunoreac-
tivity and protein expression of caspase-8 at 24 h post injury
(Figures 5(a), 5(c), and 5(d), P < 0:05). In contrast to the
effects of mimic transfection on p35 expression, miR-137-
3p mimic transfection significantly decreased the caspase-8
activity and protein levels (Figures 5(b)–5(d), P < 0:05),
whereas miR-137 NC had no effect (P > 0:05). However,
compared with that of the miR-137-3p mimic, transfection
with Z-IETD-FMK, a specific caspase-8 inhibitor, had
greater inhibitory effects on caspase-8 activity and protein
levels at 24 h post transfection (Figures 5(b)–5(d), P < 0:05).

Additionally, the protein expression of caspase-3, the
final executor of the apoptotic network, was measured in
each treatment group at the same time point. The Western
blot results showed that the change in caspase-3 protein
expression was in accordance with that in caspase-8 protein
expression (Figures 5(c) and 5(d)).

3.7. Modulation of VSC4.1 Neuronal Apoptosis by the miR-
137-3p/CAPN-2 Interaction after OGD/R. Finally, the effects
of the miR-137-3p/CAPN-2 interaction on neuronal apopto-
sis were assessed by flow cytometry in vitro. Consistent with
the assessment of motor function in vivo, OGD/R insult obvi-
ously increased the percentage of apoptotic neurons
(A2 + A4 quadrant) at 24 h after reperfusion (Figures 6(a)
and 6(b), P < 0:05). Treatment with the miR-137-3p mimic,
roscovitine, or Z-IETD-FMK had comparable and significant
inhibitory effects on OGD/R-induced neuronal apoptosis
(P < 0:05), whereas treatment with miR-137 NC had no such
inhibitory effects (P > 0:05).

In addition, a TUNEL assay was performed to further
validate and visualize the neuronal apoptosis. Consistent
with the manufacturer’s instructions, the representative
apoptosis were neurons with tightly clustered brown stain-
ing (Figure 6(c)). And the quantification of the TUNEL-
positive cells were changed in the same pattern as those
in flow cytometry among the treatment groups, suggesting
an important role of the miR-137-3p/CAPN-2 interaction
in regulating subsequent Cdk5 and caspase-8 overactiva-
tion and neuronal apoptosis (Figure 6(d), P < 0:05). No
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Figure 2: IR induced aberrant spinal miR-137-3p expression and negatively regulated CAPN-2 expression in vivo. (a) A heat map
representation of miRs differentially expressed in spinal cord samples at 4 h post IR. Three independent replicates were performed. The
red signals indicate the upregulated miRs, and the green signals indicate the downregulated miRs. (b) Quantification of miR-137-3p
expression post IR. n = 4 per group. The data are expressed as the mean ± SD. ∗P < 0:05 versus the sham group. (c) The putative target
binding site of miR-137-3p in the rat 3′-UTR of CAPN-2 was predicted by the TargetScan database and confirmed by a luciferase
reporter assay. ∗P < 0:05 versus the WT 3′-UTR cells transfected with the miR-137-3p mimic. (d) Representative Western blots and
protein quantification of CAPN-2 in the spinal cord after different treatments. β-Actin was used as a loading control. (e) Quantification of
CAPN-2 mRNA expression after different treatments. (f) Hind-limb motor function was assessed by Tarlov’s scores after different
treatments. ∗P < 0:05 versus the sham group; #P < 0:05 versus the IR group.
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Figure 3: Continued.
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significant differences were observed between the injured
neurons treated with or without miR-137 NC (P > 0:05).

4. Discussion

Our previous studies revealed that IR-induced dysregulation
of miR expression in spinal cords played important roles in
driving pathogenesis during the reperfusion period and
finally caused severe motor and sensory dysfunction [5, 6,
29]. Recently, an increasing number of studies have sug-
gested that miR-based gene therapy is a promising treatment
for neurological recovery by effectively preventing neuronal
apoptosis. In the present study, we investigated the function
and mechanisms of miR-137-3p and its target CAPN-2 in
both in vivo and in vitro IR models to better understand the
pathophysiological mechanisms and find better treatments
in the clinic.

Previous studies have suggested prosurvival roles for
CAPN-1 activation but destructive roles for CAPN-2 activa-
tion in retinal ganglion cell degeneration [17, 19]. However,
none of the studies addressed the definite roles of calpain iso-
forms during the development of IR-induced pain hypersen-
sitivity. In this context, we examined CAPN-1 and CAPN-2

protein expression and assessed motor function using the
Tarlov scores at several time points post IR. Our results
showed that only the temporal expression patterns of
CAPN-2 were negatively correlated with IR-induced motor
dysfunction, with initial significant differences being detected
at 0.5 h post IR and peaking at 4 h post IR (Figure 1). This
finding was consistent with that of a previous study on spinal
cord injury, in which the progressively increased calpain con-
tent in the lesion was first detected as early as 30min after
trauma and increased by 91% at 4 h after trauma [36]. We
further explored the cellular localization of CAPN-2 in major
spinal cord cell types by double immunofluorescence at 4 h
post IR when CAPN-2 expression reached its peak. Repre-
sentative images and quantification showed that CAPN-2
was primarily expressed in spinal neurons, indicating that
neuronal CAPN-2 might be the major effector during the
reperfusion period.

MiRs are small RNA molecules that negatively regulate
gene expression by binding with the 3′-UTRs of targets via
complementary base pairs [28, 34]. MiRs are widely
expressed in the CNS and have been implicated in multiple
pathological processes, including IR [29]. We have suggested
that some miRs, including miR-187-3p, miR-27, and miR-
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Figure 3: Modulation of CAPN-2 expression and activity by miR-137-3p in VSC4.1 neurons after OGD/R. (a) Percentage of intracellular free
[Ca2+] in each condition after OGD/R. (b) Representative double immunofluorescence staining showing that PTEN (green) and CAPN-2
(red) are predominantly localized in the cytoplasms of VSC4.1 neurons. Scale bar = 50μm. (c) Quantification of the MFIs of PTEN and
CAPN-2 in neurons of each treatment group. (d) Statistical analysis of total CAPN-2 and increased CAPN-2 activities at 24 h post
OGD/R. (e) Representative Western blots and protein quantification of CAPN-2 and PTEN in neurons. All samples were analyzed in
triplicate, and the data are expressed as the mean ± SD. ∗P < 0:05 versus the control group; #P < 0:05 versus the OGD/R group.
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125b that are highly expressed in spinal cords, may provide
new insights for research and clinical treatment [5, 6, 29].
Likewise, using miR microarray and luciferase assays, we
herein found that miR-137-3p expression was substantially
changed at 4 h post IR, and miR-137-3p exhibited a targeted
interaction with CAPN-2 (Figure 2). Continuous intrathecal
injection of synthetic miRs before IR was previously reported

to effectively regulate miR expression and that of correspond-
ing target genes in vivo [5, 6, 29]. Given the complicated cel-
lular crosstalk in vivo, we defined the overall effects of the
miR-137-3p/CAPN-2 interaction by assessing motor func-
tion in a rat model. As expected, in contrast to the decreased
CAPN-2 protein expression, intrathecal injection of the miR-
137-3p mimic substantially increased Tarlov’s scores,
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Figure 4: Modulation of p35 cleavage and p25/Cdk5 activation by the miR-137-3p/CAPN-2 interaction after OGD/R. (a) Representative
double immunofluorescence staining showing that p35 (green) and CAPN-2 (red) (left panel) and p25 (green) and CAPN-2 (red) (right
panel) are predominantly localized in the cytoplasms of VSC4.1 neurons. Scale bar = 50μm. (b, c) Quantification of p35/Cdk5 and
p25/Cdk5 activities in VSC4.1 neurons of each treatment group by ELISA. (d) Representative Western blots and protein quantification of
CAPN-2, p35, p25, and Cdk5 in neurons. All samples were analyzed in triplicate, and the data are expressed as the mean ± SD. ∗P < 0:05
versus the control group; #P < 0:05 versus the OGD/R group; &P < 0:05 versus the OGD/R+miR-137 mimic group.
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indicating decreased motor dysfunction, whereas treatment
with the miR-137-3p inhibitor or NC did not have these
effects. Moreover, to further confirm the above interaction,
exogenous CAPN-2 (rr-CALP2) was delivered directly via
the intrathecal route. Consistent with the ability of exogenous
CAPN-2 to activate intrinsic CAPN-2 in uninjured nerves [35,
37], the synergistic increase in CAPN-2 expression caused by
exogenous rr-CALP2 injection was significantly prevented by
the miR-137-3p mimic, as comparable CAPN-2 protein levels
and similar behavioral assessments were observed throughout
the reperfusion period in injured rats treated with or without
combined injection with rr-CALP2 (Figure 2). These findings
suggested that miR-137-3p acted as a functional regulator of
CAPN-2 in the spinal cord.

As a trigger, CAPN-2 requires millimolar (0.250-
0.750mM) calcium concentrations for its activation [13].
Thus, parallel in vitro experiments were performed to better

define the possible mechanisms by which the miR-137-
3p/CAPN-2 interaction is implicated in VSC4.1 neuronal
apoptosis. Consistent with the in vivo results and VSC4.1
neuron glutamate-related neurotoxicity [14], overactivation
of CAPN-2 was accompanied by an increase in the intracel-
lular free [Ca2+] in OGD/R-stressed VSC4.1 neurons; both
theMFI of CAPN-2 and total and net CAPN-2 activities were
significantly increased by OGD/R treatment (Figure 3). Pre-
vious reports have indicated that both peptide and nonpep-
tide CAPN inhibitors downregulate CAPN expression by
preventing increases in intracellular free [Ca2+] [14, 38].
Consistently, our current data showed that the synthetic
miR-137 mimic also prevented the increase in intracellular
[Ca2+] and decreased CAPN-2 expression and activity in
stressed neurons. In addition, PTEN is a selective substrate
for CAPN-2 [32] and is thus widely used to quantitatively
measure neuronal CAPN-2 activity in vivo and in vitro [19,
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Figure 5: Modulation of caspase-8 activation by the miR-137-3p/CAPN-2 interaction after OGD/R. (a) Representative double
immunofluorescence staining showing that p35 (green) and caspase-8 are predominantly localized in the cytoplasms of VSC4.1 neurons.
Scale bar = 50μm. (b) Quantitative analysis of caspase-8 activity in VSC4.1 neurons of each treatment group. (c, d) Representative
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+miR-137 mimic group.
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Figure 6: Continued.
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32]. As expected, PTEN and CAPN-2 were identically
localized in the cytoplasms of neurons, but their protein
levels and immunoreactivities changed in opposite direc-
tions in response to transfection with the different treat-
ments. Decreased PTEN expression indicates an increase
in CAPN-2 activation; therefore, these results suggest that
OGD/R-induced CAPN-2 overactivation was regulated by
synthetic miR.

Previous in vitro and in vivo studies have shown that
CAPN-2 upregulation triggers neuronal apoptosis [20, 39].
These studies found that activated CAPN-2 directly and pre-
cisely cleaved its substrate, membrane-bound protein p35,
into p25, which consequently resulted in Cdk5 activation in
cultured primary neurons and retinal ganglion cells [13, 20,
39]. Similarly, our in vitro immunofluorescence staining
(Figure 4) revealed that the cytoplasmic and nuclear labels
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Figure 6: Modulation of VSC4.1 neuronal apoptosis by the miR-137-3p/CAPN-2 interaction after OGD/R. (a) The percentage of OGD/R-
induced neuronal apoptosis in each treatment group as determined by flow cytometry. (b) Quantification of the percentage of apoptotic
neurons. (c) Representative images of OGD/R-induced neuronal apoptosis in each treatment group as determined by the TUNEL assay.
(d) Quantification of the percentage of apoptotic neurons. The cells detected with the brown color were regarded as positive, and the
quantity was determined from six random fields. Scale bar = 50 μm. All samples were analyzed in triplicate, and the data are expressed as
the mean ± SD. ∗P < 0:05 versus the control group; #P < 0:05 versus the OGD/R group.
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for p35 and p25 fluorescence completely overlapped with the
CAPN-2 labels in VSC4.1 neurons. In a previous study, dur-
ing polybrominated diphenyl ether-153-induced neuronal
apoptosis, p35 was found to accumulate in the perinuclear
region and plasma membrane, and p25 was localized in both
the cytoplasm and nucleus [20]. Given that the p35/Cdk5
complex mainly functions in the nucleus, these mislocaliza-
tions of p35 and p25 might signify the formation of the
p25/Cdk5 complex [20, 40, 41]. Additionally, our Western
blot results showed that the pattern of Cdk5 protein expres-
sion in each group changed in agreement with the protein
levels of p25 and CAPN-2 and oppositely with the protein
levels of p35 (Figure 4). On the other hand, the changes in
p35 and p25 activities in being accordance with the protein
level of CAPN-2 in neurons transfected with the miR-137-
3p mimic or NC also demonstrated that the conversion of
p35 into p25 requires CAPN-2. Additionally, selective inhi-
bition of CAPN-2 expression has been shown to preserve
both the structure and function of vulnerable neurons [14,
17, 19]. In this study, pretreatment with the miR-137-3p
and Cdk5 inhibitors comparably inhibited the numbers of
neurons located in the A4 and A2 quadrants of the flow
cytometry dot-plot graphs and also the neurons with tightly
clustered brown staining (referred as the TUNEL-positive
cells) in the TUNEL assay after OGD/R insult (Figure 6).
These findings all support the hypothesis that the dynamic
localization of p35 and p25 is a marker of p25/Cdk5
activation-induced apoptosis.

Caspase cascade activation has been suggested to be cen-
tral to neuronal apoptosis during IR injury [5, 9]. Acting as
the apical member of the caspase family, caspase-8 overacti-
vation has been shown to be especially important for control-
ling a series of broad caspase cascade networks by initiating
the activation of downstream caspases, such as caspase-3
[24, 42]. Furthermore, as a cysteine protease, caspase-8
requires proteolytic cleavage before activation. Under normal
conditions, caspase-8 forms the p35-caspase-8 complex via
the formation of a covalent bond with the N terminus of
p35 [26], which is known to be a major element necessary
for preserving the p35-caspase-8 complex, and the baculovirus
p35 protein has been demonstrated to effectively block the
apoptosis cascade by preventing caspase-8 proteolysis and
activation [24, 26]. In contrast, CAPN-2 overexpression-
mediated p35 cleavage may cause conformational changes in
p35 and consequently initiate aberrant caspase-8 activation.
In agreement with the above hypothesis, a previous study
showed that CAPN-2 was required to initiate endoplasmic
reticulum stress-induced apoptosis mediated by a caspase-8-
dependent pathway [25]. Similar to our in vitro immunofluo-
rescence and Western blotting results, the fluorescent labels
for p35 in the cytoplasm were identical to those for caspase-
8 in neurons, and the protein expression levels of p35 and
caspase-8 were changed in opposite directions when CAPN-
2 expression was downregulated by pretreatment with the
miR-137-3pmimic (Figure 5). In addition, our hypothesis that
CAPN-2 initiates caspase-8-mediated apoptosis was addition-
ally supported by similar results observed in neurons trans-
fected with the miR-137-3p mimic and those transfected
with the caspase-8-specific inhibitor Z-IETD-FMK. Both

treatments exerted comparable inhibitory effects on the pro-
tein level and activity of caspase-8, the numbers of injured
neurons in the A4 and A2 quadrants of the dot-plot graphs,
and the amount of the TUNEL-positive cells (Figures 5 and
6). Acting as the final executor of the caspase family,
caspase-3 expression was equally decreased in neurons trans-
fected with the miR-137-3p mimic and Z-IETD-FMK, sup-
porting the assumption that CAPN-2-induced caspase-8
activation may simultaneously lead to caspase-3 activation.
Indeed, similar observations were made in a study of hydrogen
peroxide-induced apoptotic pathways [25].

Of note, the CALP2-mediated mechanisms of pain
hypersensitivity are somewhat divergent. First, CALP2 activ-
ity is not absolutely associated with reciprocal modulation of
the CALP2 protein level. Interestingly, the addition of rr-
CALP2 at 50U/L induced significant decreases in the with-
drawal thresholds of bilateral hind paws, but the differences
in CALP2 expression increases on either side failed to reach
significance at 3 d post drug administration [35]. Given the
complicated in vivo crosstalk and signaling pathway network,
CALP2-mediated cascade responses might be amplified by
other factors in a positive feedback loop, such as the activa-
tion of nuclear factor-kappa B (NF-κB) and the proinflam-
matory cytokine IL-6 [35]. Thus, it cannot be concluded
from these data whether the increased CALP2 expression
in vivo resulted from the activation of CALP2, NF-κB-medi-
ated inflammatory responses, or both or even by other signal-
ing pathways, such as oxidative stress [43]. In addition,
transfection with the Cdk5 inhibitor roscovitine had no sig-
nificant effects on the expression of CAPN-2 or p35, possibly
due to the eventual modulation of the CAPN-2/p35-
p25/Cdk5 pathway [20]. Roscovitine is known to be highly
specific for Cdk5 and is therefore unlikely to influence the
activities of apical members of the signaling pathway [20].
Undoubtedly, whether caspase-8 directly activates caspase-3
by proteolytic cleavage or by the activation of caspase-3 acti-
vators needs to be elucidated in future studies.

5. Conclusions

This study highlights the roles of CAPN-2 in triggering
motor dysfunction after spinal cord IR injury and investi-
gates the target interactions with miR-137-3p both in vivo
and in vitro. The effects of the miR-137-3p/CAPN-2 interac-
tion on neuronal apoptosis may be attributed to CAPN-2
inhibition, which consequentially results in substrate p35
cleavage inhibition and thus prevents the overactivation of
p25/Cdk5 and the initiation of the caspase-8-mediated cas-
pase cascade.
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Renal ischemia-reperfusion injury (RIRI) refers to a phenomenon associated with dysfunction of the kidney and tissue damage.
Unfortunately, no specific drugs have been found that effectively prevent and treat RIRI. Curcumin (Cur), a polyphenol extracted
from turmeric, possesses a variety of biological activities involving antioxidation, inhibition of apoptosis, inhibition of inflammation,
and reduction of lipid peroxidation. Eight frequently used databases were searched using prespecified search strategies. The
CAMARADES 10-item quality checklist was used to evaluate the risk of bias of included studies, and the RevMan 5.3 software was
used to analyze the data. The risk of bias score of included studies ranged from 3 to 6 with an average score of 5.22. Compared with
the control group, Cur significantly alleviated renal pathology, reduced blood urea nitrogen and serum creatinine levels, and improved
inflammatory indexes, oxidant, and apoptosis in RIRI animal models. Despite the heterogeneity of the response to Cur in terms of
serum creatinine, BUN, TNF-alpha, and SOD, its effectiveness for improving the injury of RIRI was remarkable. In the mouse model
subgroup of serum creatinine, the effect size of the method of unilateral renal artery ligation with contralateral nephrectomy and
shorter ischemic time showed a greater effect than that of the control group. No difference was seen in the methods of model
establishment, mode administration, or medication times. The preclinical systematic review provided preliminary evidence that Cur
partially improved RIRI in animal models, probably via anti-inflammatory, antioxidant, antiapoptosis, and antifibrosis activities and
via improving microperfusion. ARRIVE guidelines are recommended; blinding and sample size calculation should be focused on in
future studies. These data suggest that Cur is a potential renoprotective candidate for further clinical trials of RIRI.

1. Introduction

Renal ischemia-reperfusion injury (RIRI) refers to a phenome-
non of aggravation of kidney dysfunction and tissue damage
caused by reflow of blood to the kidneys [1, 2]. RIRI is one of
the main causes of acute kidney injury (AKI) and acute renal
failure (ARF) [1, 2] and is a common adverse pathophysiolog-
ical change in patients with organ transplantation, shock, sep-
sis, burns, cardiovascular disease, and trauma [3]. Among
patients with kidney transplantation, it is a major cause of
delayed graft function in as many as 80% [4]. The incidence
of in-hospital death is high for patients with RIRI in the inten-
sive care unit who have a high probability of AKI. Patients who

survive remain at high risk of developing chronic renal disorder
that may evolve into end-stage renal disorder (ESRD), which
also carries high economic, societal, and personal burdens [5].
Unfortunately, the possible mechanism of RIRI is still unclear
and no specific drugs have been found to effectively prevent
and treat RIRI. Therefore, it is imperative to seek a new treat-
ment strategy to alleviate kidney damage in patients with RIRI.

Turmeric, obtained from the rhizome of Curcuma longa L.
(Zingiberaceae), is widely used as a spice, flavor, and colorant
worldwide. Since ancient times in Asia, it has been used to pre-
vent and treat conditions such as pain, digestive diseases, ische-
mic disease wounds, and gynecological problems [6].
Curcumin (Cur, C21H20O6, Figure 1), a polyphenol extracted
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from turmeric, was first isolated in 1870. Recent evidence sug-
gests that Cur protects against ischemia injury (IR) of organs
by antioxidation mechanisms, inhibiting apoptosis, inhibiting
inflammatory reaction, and reducing lipid peroxidation [7]. Sev-
eral studies have investigated whether supplementation with Cur
improves renal pathology and renal function indexes in animal
models of RIRI [4, 8, 9]. Nevertheless, scattered evidence and
insufficient mechanisms have impeded the translation of labora-
tory results to the clinic. Systematic reviews andmeta-analyses of
animal studies play a pivotal role in drug development, and the
clarification of physiological and pathological mechanisms could
contribute to this transformation [10]. The present systematic
review andmeta-analysis were performed to determine the effec-
tiveness and the mechanisms of Cur in RIRI animal models.

2. Materials and Methods

2.1. Search Strategies. Eight frequently used databases including
PubMed, Cochrane Library, Embase, Wanfang database, China
National Knowledge Infrastructure (CNKI), VIP database
(VIP), and China Biology Medicine disc (CBM) were searched
using the term “Curcumin” AND “Renal ischemia” for Cur in
treatment of animal model of RIRI. The time of publication
ranges from its inception to February 2020. In addition, the ref-
erence list of related studies was also searched for eligible studies.

2.2. Eligibility Criteria. The inclusion criteria were prespeci-
fied as follows: (1) the animal model of RIRI established by
any way; (2) the treatment group accepted Cur as monother-
apy at any dose and mode administration, while the control
group accepted nonfunctional liquid or blank by the same
dose and mode administration; (3) the primary outcome
was renal pathology and/or glomerular filtration rate (GFR)
and/or creatinine clearance (CCr) and/or serum creatinine
(SCr) and/or blood urea nitrogen (BUN) and/or 24-hour
urine protein, while the secondary outcome was the mecha-
nisms of Cur for RIRI. The exclusion criteria were as follows:
(1) not RIRI model, (2) not monotherapy, (3) no control
group, and (4) duplicate publication.

2.3. Data Extraction. Two authors were appointed to extract
the following data from included studies: (1) the surname of
the first author and publication year; (2) the feature of animals
including age, weight, special, male/female, and number; (3)
the method of RIRI model establishment and anesthesia; (4)
the dose, model administration, and duration time of the trial
group and the same information of the control group; (5) the
outcome index. The data of the highest dose and the result of
the peak time point were extracted for analysis whenmultiple-
dose and measurement time groups existed.

2.4. Quality Assessment. The CAMARADES 10-item quality
checklist [2] with minor change was adopted to assess the
quality of included studies. The change point is listed as fol-
lows: (F) use of anesthetic without significant intrinsic reno-
protection and nephrotoxicity. Two authors independently
assessed eligible studies, and the difference was settled by cor-
respondence authors.

2.5. Statistical Analysis. The RevMan 5.3 software was used
for statistical analysis. If meta-analysis is not applicable, the
performing comparisons between groups for individual stud-
ies will be used. All data were considered as continuous data,
and the combined effect size utilizes standard mean differ-
ence (SMD) or mean difference (MD) to estimate. The het-
erogeneity was accessed by I2 statistic. According to I2

statistic, a fixed effects model (I2 < 50%) or a random-
effects model (I2 > 50%) was selected. The P value was con-
sidered statistically significant when the score < 0:05.

3. Results

3.1. Study Selection. Eighteen eligible comparison groups [4,
8, 9, 11–25] were included in the present study. The search
process according to prespecified search strategies is shown
in Figure 2.

3.2. Characteristics of Included Studies. Eleven English studies
[4, 8, 9, 11–16, 24, 25] and seven Chinese studies [17–23]
published from 2008 to 2019 were identified. One of the stud-
ies [22] was a non-peer-reviewed dissertation, and the
remaining studies were peer-reviewed journal studies. As
for animal species, SD rats were used in six studies [12, 16,
18, 20–22, 24], Wistar rats in five [4, 9, 17, 19, 23, 25],
BALB/C mice in one [8], and C57/B6 mice in one [11].
Occluding renal vessel was adopted by sixteen studies [4, 8,
9, 11–19, 21, 22, 24, 25] to establish the RIRI model and
sports training by two studies [20, 23] to simulate renal ische-
mia. Detailed information regarding the source, mode, and
quality of Cur is displayed in Table 1. Five studies [4, 9, 19,
20, 23] used a dose gradient of Cur by oral administration
ranging from 10mg/kg/d to 200mg/kg/d; seven studies [11,
12, 17, 19, 21, 24, 25] used intravenous administration rang-
ing from 4mg/kg/d to 100mg/kg/d; three studies [8, 18, 22]
used intraperitoneal injection ranging from 100mg/kg/d to
200mg/kg/d. Regarding primary outcome, renal pathology
was measured in twelve studies [4, 8, 9, 11–13, 15, 18, 19,
22–25], BUN in fourteen studies [8, 9, 12, 13, 16–25], SCr
in fifteen studies [4, 8, 9, 11, 16–25], and CCr in one study
[13]. Mechanistic indicators and other details of the eighteen
studies are summarized in Table 2.

3.3. Study Quality. The scores of all studies ranged from 3 to 6
with a mean score of 5.22. The methodological quality is
showed in Table 3.

3.4. Effectiveness

3.4.1. Renal Pathology. Compared with the control group,
four studies showed [13, 18, 23, 24] that the Cur group had
lesser degrees of macroscopic congestion, edema, and
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Figure 1: The chemical structure of Cur.
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detachment of the basement membrane from glomeruli. In
eleven studies [4, 8, 11–13, 15, 18, 19, 22–24], Cur mitigated
turbidity and swelling and water and vacuole degeneration;
the brush-like edges disappeared, and some tubular epithelial
cells appeared coagulated, with necrosis of renal tubular epi-
thelial cells. Of these, four studies [4, 8, 15, 22] utilized vari-
ous renal tubular pathological scores [26, 27] to assess the
renal tubular injury and found by quantification that Cur
could reduce the renal tubular pathological injury.

3.4.2. Renal Function Index.Meta-analysis of 14 studies [4, 8,
9, 11, 12, 16–21, 23–25] indicated that the SCr level of the
Cur groups is significantly below than that of the control
groups (n = 301, SMD -2.08, 95% CI (-2.43-1.73), P <
0:00001; heterogeneity: chi2 = 144:42, I2 = 91%, Figure 3).
This result was also showed in the dissertation [22]
(P < 0:05). The funnel plot of the fourteen studies showed
an approximately equal number of articles; however, there
may have been asymmetric distribution on the central axis,
indicating publication bias (Figure 4). Meta-analysis of 13
studies [8, 9, 12, 13, 16–23, 25] indicated that the serum level
of BUN of the Cur groups is significantly below than that of
the control groups (n = 281, SMD -1.35, 95% CI (-1.68,
-1.01), P < 0:00001; heterogeneity: chi2 = 170:20, I2 = 93%,
Figure 5). This result of BUN in the dissertation [22] showed
similar conclusion (P < 0:05). One study [13] indicates that
CCr could be increased by Cur (P < 0:05).

3.4.3. Important Mechanism Indicator. In terms of anti-
inflammatory mechanism, meta-analysis of five studies [12,
15, 17, 20, 21] and four studies [12, 14, 17, 20] manifested
that Cur could significantly reduce the serum level of tumor
necrosis factor (TNF-α) (n = 130, SMD -2.10, 95% CI
(-2.58, -1.62), P < 0:00001; heterogeneity: chi2 = 28:86, I2 =
86%, Figure 6(a)) as well as the level of TNF-α in renal tissue
(n = 108, SMD -0.95, 95% CI (-1.46, -0.43), P = 0:0003; het-
erogeneity: chi2 = 67:91, I2 = 96%, Figure 6(b)). In addition,
Cur was reported to reduce the level of Interluekin-6 (IL) in
renal tissue [12, 17] as well as the serum level of IL-1β [14,
20] and Interferon-γ (IFN-γ) [14, 20] (P < 0:05). In terms
of antioxidant mechanism, meta-analysis of four studies
showed that Cur significantly increased the serum level of
superoxide dismutase (SOD) [4, 23] (n = 37, SMD 0.49,
95% CI (0.04, 0.93), P = 0:03; heterogeneity: chi2 = 6:11, I2
= 84%, Figure 7) as well as the level of SOD in renal tissue
[4, 22] (P < 0:05). Serum level of Malondialdehyde (MAD)
[4, 9, 23] (n = 49, SMD -1.22, 95% CI (-1.86, -0.58), P =
0:0002; heterogeneity: chi2 = 2:21, I2 = 10%, Figure 8(a))
was significantly reduced by Cur. Although MAD in renal
tissue of dissertation [22] showed the same conclusion, it
showed no difference by meta-analysis of two studies [4,
25] (n = 26, SMD -0.53, 95% CI (-1.52, -0.46), P = 0:3; het-
erogeneity: chi2 = 1:50, I2 = 33%, Figure 8(b)). In terms of
antiapoptosis, two studies [22, 23] showed that Bcl-2-
associated X protein/B cell lymphoma 2 (Bacl-2/Bax) was
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Figure 2: Summary of the process for identifying candidate studies.
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greater in the Cur group than in the control group (P < 0:05).
Two studies [9, 14] reported that Cur could reduce the serum
level of caspase-3 (P < 0:5).

3.4.4. Subgroup Analysis. In fourteen peer-reviewed studies,
we explored potential confounding factors (including ani-
mals chosen, methods of model establishment, modes of
administration, medication times, and ischemic times) that
may increase the heterogeneity of outcome measures using
subgroup analysis of SCr. The subgroup analysis of animal
species showed that the effect size of the mouse group was
better than that of rats (SMDm -3.92 vs. SMDr -1.89, P =
0:0008, Figure 9(a)) without a significant decline in het-
erogeneity between subgroups. No difference was seen
among modeling methods (i.e., occlusion of renal vessels
vs. sport training) (SMDo -2.01 vs. SMDs -2.49, P = 0:29,
Figure 9(b)), diverse mode administration (including oral
gavage, intravenous injection, and intraperitoneal injection)
(SMDip -2.13 vs. SMDiv -1.82 vs. SMDpo -2.07, P = 0:35,
Figure 9(c)), and diverse medication times (including
repeated administration and single administration) (SMDr
-2.11 vs. SMDs -1.84, P = 0:46, Figure 10(a)). However, the
effect size displayed substantial discrepancy in terms of
methods of blocking blood vessels. Unilateral renal artery
ligation with contralateral nephrectomy (uIRIx) with 4.7%
weight showed a higher effect than did unilateral renal artery
ligation (uIRI) or bilateral renal artery ligation RIRI (bIRI)
(SMDuIRIx -14.52 vs. SMDbIRI -2.19 vs. SMDuIRI -1.74, P <
0:00001, Figure 10(b)). Finally, we analyzed the effects of var-
ious ischemic times on the effect size of SCr and the result
indicated that longer ischemia times were associated with

effect size (SMD30min -2.42 vs. SMD45min -3.44 vs. SMD60min
-1.29, P = 0:009, Figure 10(c)).

4. Discussion

4.1. Summary of Evidence. This is the first preclinical sys-
tematic review to estimate the efficacy and possible mech-
anism of Cur for the RIRI animal model. The 18 moderate
quality studies including 396 animals manifested that Cur
alleviated renal pathological injury via multiple signaling
pathways.

4.2. Limitations. Some limitations that may affect the accu-
racy of the study should be considered. First, the source of
studies was only from Chinese and English databases, and
this may produce selection bias. Second, the calculation of
sample size and blinding outcome measurements would
be pivotal for quality control of research, and this was not
shown in included studies. Third, only one study [13]
reported CCr, which is the most valuable clinical index
for renal function. Fourth, given the fact that RIRI could
not be predicted in the clinic, the preventive effect of Cur
alone is insufficient. Fifth, though the sensitivity analysis
and subgroup analysis were done, the high heterogeneity
of curcumin for serum creatinine, BUN, TNF-alpha, and
SOD cannot be ignored. Sixth, using funnel plots, there
was publication bias that should be managed by expanding
the sample size.

4.3. Implications. High-quality methodologies of studies are
the cornerstones of translating animal research into clinical
drug treatments for human disease [28]. Although the score

Table 1: Information of curcumin of each study.

Study (year) Specifications (purity) Source Quality control reported

Ni (2019) [24] Dry powder Shanghai Yuanye Biotechnology Co., Ltd. Batch number: MO307RF

Chen (2018) [8] NM NM NM

Zhang (2018) [12] Dry powder Sigma, St. Louis, MO HPLC

Hu (2018) [23] Dry powder (>99%) Shaanxi Yuantai Biotechnology Company Batch number: 17012571

Kaur (2016) [13] Dry powder Central Drug House Pvt. Ltd., India NM

Liu (2016) [9] Dry powder Sigma, St. Louis, MO HPLC

Xu (2016) [21] Dry powder Sigma, St. Louis, MO HPLC

Najafi (2015) [25] Dry powder Sigma, St. Louis, MO HPLC

Chen (2013) [16] NM NM NM

Wang (2013) [19] Dry powder (>90%) Wuhan Zhongxi Instrument Daquan Company HPLC

Hammad (2012) [15] Dry powder Sigma, St. Louis, MO HPLC

Niu (2012) [20] Dry powder (>95%) Shanghai Ronghe Pharmaceutical Technology
Development Co., Ltd.

Batch number: 110107

Nian (2012) [18] Dry powder Sigma, St. Louis, MO HPLC

Tao (2012) [22] Dry powder Biobasic Canada Inc. HPLC

Awad (2011) [14] Dry powder Sigma, St. Louis, MO HPLC

Li (2011) [17] Dry powder (≥90%) Wuhan Zhongxi Instrument Daquan Company Batch number: HB108YHSY

Rogers (2011) [11] Dry powder Sigma, St. Louis, MO HPLC

Bayrak (2008) [4] NM NM NM

HPLC: high-performance liquid chromatography; NM: not mentioned.
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(mean 5.22) by prudent assessment of included studies was
better than that of most studies of traditional Chinese medi-
cine (TCM) [29], there were limitations in terms of blinding
and sample size calculation. The blinding methods in animal
model establishment and outcome assessment were usually
seen as technical difficulties for most studies. Group random-
ization after modeling, as in Guo et al. [30] and Lei et al. [31],
and selecting animals randomly for outcome assessment, as
in Chen et al. [8], were regarded as a good solution to over-
come this problem and raise the quality of the study. A sam-
ple size calculation could avoid the waste of resources caused
by oversize and the imprecision of study result by undersiz-
ing, and the specific steps could be referred to the literature
[32]. In addition, the animal research reporting in vivo exper-
iments (ARRIVE) guidelines are aimed at improving the
quality of research reports by guiding complete and transpar-
ent reporting of in vivo animal research. These should be
adopted in the future study management of Cur for RIRI.

Three main molding methods based on blocking blood
vessels were widely utilized in the present study: uIRI in 4
studies [12, 17, 20, 22, 24], bIRI in 7 studies [4, 8, 9, 11,
16, 21, 25], and uIRIx in 2 studies [18, 19]. Subgroup anal-
ysis found that the method of uIRIx gave a higher effect
size than did uIRI or bIRI (SMDuIRIx -4.87 vs. SMDbIRI

-2.19 vs. SMDuIRI -1.36, P < 0:00001, Figure 10(b)), suggest-
ing that different modeling methods may be the source of
high heterogeneity. Therefore, we carefully analyzed the
strengths and weaknesses of these three methods and the
results are summarized as follows. (1) Regarding the uIRI
model, although it is easy to operate and highly repeatable,
renal function as an indication of the progression of kidney
injury and deterioration is difficult to estimate due to pow-
erful compensation function of the contralateral kidney. (2)
Regarding the bIRI model, it is also easy to operate and can
perfectly imitate the hemodynamic changes in RIRI
patients with shock, sepsis, and burns. However, the degree
of renal injury is difficult to control due to the bilateral
renal artery ligation. If RIRI is too severe, mice may die
in the acute injury phase, and if too mild, the kidneys
may fully recover and do not progress to chronic patholo-
gies or chronic kidney disease (CKD) [33, 34]. (3) Regard-
ing the uIRIx model, the study of Finn et al. [35] found
that, if the contralateral kidney was removed prior to ische-
mia, the reflow of blood to the postischemic kidney would
be better and conducive to recovery to preserve renal tubu-
lar structure and function. Thus, compared to the bIRI
model, the uIRIx model allows for longer ischemic time
to induce consistent RIRI for studying its progression to
chronic pathologies with less variability and it is closer to
the clinical characteristics of renal transplant patients.
Compared to the uIRI model, the process of the uIRIx
model is complex and changeable. The 30% death rate after
2 weeks of uIRIx by Fu et al. cannot be ignored [36]. The
good news is that it allows a more accurate functional eval-
uation of the IRI-injured kidney at several points in time to
indicate kidney injury and repair. In summary, the bIRI
and uIRIx models are instrumental in monitoring renal
indexes at multiple time points, but with bigger variations
and significant animal loss, especially in long-term studies.
The uIRI model is suitable for experiments that require a
long time to observe changes of renal indexes because it
can achieve the target of long-term animal survival [37].
Reviewing the included studies according to this theory,
we found that the one study [18] which used the uIRI
model to assess the effect of Cur for RIRI at various time
points (1, 4, and 24 hours) may cause inaccurate prediction
in consideration of the compensation by the contralateral
kidney. We suggest that future studies need to choose the
modeling method according to the specific purpose of the
experimental design.

The subgroup analysis of animal species indicated that
the effect size in the mouse group was better than that in
the rat group (SMDm -2.03 vs. SMDr -1.85, P = 0:0006,
Figure 9(a)), suggesting that diverse animals may be one of
the sources of high heterogeneity. Considering high cost
and low efficiency of large size for experimenters to test the
initial efficacy and mechanism of the drug, rodents have
become the mainstream experimental animals since the
1960s [38]. Because of the availability of transgenic models
and reduced drug consumption for experimental testing,
there have been more studies using mice to establish the RIRI
model in the past decade [34]. Despite the advantages it pos-
sesses, it cannot be ignored that the mouse model entails

Table 3: Risk of bias of the included studies.

Study A B C D E F G H I J Total

Ni (2019) [24] √ √ √ √ √ 5

Chen (2018) [8] √ √ √ √ √ √ 6

Zhang (2018) [12] √ √ √ √ √ √ 6

Hu (2018) [23] √ √ √ √ √ √ 6

Kaur (2016) [13] √ √ √ √ √ √ 6

Liu (2016) [9] √ √ √ √ √ √ 6

Xu (2016) [21] √ √ √ √ √ 5

Najafi (2015) [25] √ √ √ √ √ √ 6

Chen (2013) [16] √ √ √ √ √ 5

Wang (2013) [19] √ √ √ √ √ 5

Hammad (2012) [15] √ √ √ √ √ √ 6

Niu (2012) [20] √ √ √ 3

Nian (2012) [18] √ √ √ √ √ 5

Tao (2012) [22] √ √ √ 3

Awad (2011) [14] √ √ √ √ √ √ 6

Li (2011) [17] √ √ √ √ 4

Rogers (2011) [11] √ √ √ √ √ 5

Bayrak (2008) [4] √ √ √ √ √ √ 6

Note: studies fulfilling the criteria of the following: A: peer-reviewed
publication; B: control of temperature; C: random allocation to treatment
or control; D: blinded induction of model (group randomly after
modeling); E: blinded assessment of outcome; F: use of anesthetic without
significant renoprotective activity or nephrotoxicity; G: appropriate animal
model (aged, hyperlipemia or hypertensive); H: sample size calculation; I:
compliance with animal welfare regulations (including three or more of the
following points: preoperative anesthesia, postoperative analgesia,
nutrition, disinfection, environment temperature, environment humidity,
circadian rhythm, and euthanasia); J: statement of potential conflict of
interest.
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greater variations, causing inconsistency in results. Thus,
higher technical requirements are necessary if mice are
selected as experimental animals, and the experience of
mouse modeling summarized by Wei et al. [34] could be
referred to in future experiments of RIRI. In addition, RIRI
is a common complication for patients with infection, shock,
postoperative hypoperfusion, bleeding, and dehydration;
these are difficult to predict and prevent in clinical practice.
However, all included studies were designed to determine
whether the animals pretreated with Cur could have reduced
damage of RIRI. Although the outcome was positive, it
remains unknown if the effect of Cur on animals post-RIRI
is similar to clinical cases of RIRI, and this may limit its clin-
ical application. Therefore, further research designed to

assess the effect of Cur for animals with post-RIRI and com-
parisons of the differences between pretreatment and post-
treatment of Cur for RIRI are to be encouraged.

RIRI involves several mechanisms, including mitochon-
drial damage, oxidative stress, calcium overload, and tissue
inflammation responses [39]. (1) In the early stage of renal
ischemia, neutrophils and monocytes in circulating blood
are recruited by various cytokines, initiating the host’s
defenses. This process activates the nuclear factor kappa-B
(NF-κB) and further increases the release of inflammatory
factors to break the proinflammatory/anti-inflammatory bal-
ance [40]. Cur was reported to alleviate renal inflammation
caused by RIRI by activating the JAK2/STAT3 signaling
pathway to reduce the expression of NF-κB [12] by directly
reducing the crucial inflammation factor TNF-α [9, 17, 20,
21]; it then reduces inflammatory factors including IL-1β,
IL-8, IL-18, and intercellular cell adhesion molecule-1. (2)
Oxidative stress damage is the main cause of RIRI. After vas-
cular recanalization, vascular endothelial cells activated by
reperfusion trigger the production of reactive oxygen species
(ROS) and oxygen free radicals, causing oxidative stress.
These processes downregulate the antioxidant enzyme sys-
tem including catalase (CAT), SOD, and glutathione peroxi-
dase (GSH-Px) [40, 41]. Cur was reported to reduce renal
oxidative damage via reducing expression of N-methyl-D-
aspartic acid (NMDA) receptor and increasing the expres-
sion of nuclear factor erythroid 2-related factor/heme
oxygenase-1 (Nrf2/HO-1) to increase antioxidants including
glutathione (GSH), SOD, and CAT and then by decreasing
activity of oxidases such as MDA, nitric oxide (NO), and
protein carbonyl (PC) [4, 9, 21–23]. (3) Apoptosis is a
mechanism of tubular cell death in RIRI [40]. The upregu-
lation of proapoptotic protein Bax and the downregulation
of antiapoptotic protein Bcl-2 apoptosis are important pro-
cesses during apoptosis when encountering ischemia [42].
Under the influence of oxidation factors, glycogen synthase

Study or subgroup

Bayrak 2008
Chen 2013
Chen 2018
Hu 2018
Li 2011
Liu 2016
Najafi 2015
Ni 2019
Nian 2012
Niu 2012
Rogers 2011
Wang 2013
Xu 2016
Zhang 2018

Total (95% CI)
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Test for overall effect: Z = 6.63 (P < 0.00001)
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6
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6
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8
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8
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Total
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6
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10
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Weight
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Figure 3: The forest plot: effects of Cur for decreasing SCr compared with the control group.
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Study or subgroup

Chen 2013
Chen 2018
Hu 2018
Kaur 2016
Li 2011
Liu 2016
Najafi 2015
Ni 2019
Nian 2012
Niu 2012
Wang 2013
Xu 2016
Zhang 2018

Total (95% CI)
Heterogeneity: Chi2 = 170.20, df = 12 (P < 0.00001); I2 = 93%
Test for overall effect: Z = 7.81 (P < 0.00001)
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36.91
34.35
12.87
45.31
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6
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8
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Figure 5: The forest plot: effects of Cur for increasing BUN compared with the control group.
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Figure 6: (a) The forest plot: effects of Cur for decreasing the serum level of TNF-α compared with the control group. (b) The forest plot:
effects of Cur for decreasing the level of TNF-α in renal tissue compared with the control group.
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Figure 7: The forest plot: effects of Cur for increasing the serum level of SOD compared with the control group.
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kinase 3-β (GSK3β) is activated to mediate apoptosis [43].
Cur was reported to alleviate renal cell apoptosis by inhibit-
ing activation of the PKG/cGMP/NO signaling pathway [9,
14, 22, 24] to enhance the expression of miR-146a, thereby
attenuating the expression of caspase-3. It can also upregu-

late Bax and downregulate Bcl-2 by increasing the expression
Nrf-2 [23]. (4) There were antifibrotic effects mediated by
increasing the expression of adaptor protein phosphotyrosine
interacting with PH domain and leucine zipper 1 (APPL1) to
inhibit the AKT/MAPK signaling pathway [16] as well as a

Study or subgroup

(a) The serum level of MDA
Bayrak 2008
Hu 2018
Liu 2016
Subtotal (95% CI)
Heterogeneity: Chi2 = 2.21, df = 2 (P = 0.33); I2 = 10%
Test for overall effect: Z = 3.72 (P = 0.0002)

(b) The renal tissue level of MDA
Bayrak 2008
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Subtotal (95% CI)
Heterogeneity: Chi2 = 1.75, df = 2 (P = 0.42); I2 = 0%
Test for overall effect: Z = 2.17 (P = 0.03)
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Test for subgroup differences: Chi2 = 1.69, df = 1 (P = 0.19), I2 = 40.9%

Mean
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16.06
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6
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6
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6
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Figure 8: (a) The forest plot: effects of Cur for decreasing the serum level of MDA compared with the control group. (b) The forest plot: effects
of Cur for decreasing the level of MDA in renal tissue compared with the control group.
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renal vessel model group and sport training model group; (c) the different effect sizes between different mode administrations. ∗P < 0:05
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vasodilative effect by decreasing the expression of endothelin-
1 (ET-1) [9]. The mechanism is summarized in Figure 11.

4.4. Conclusion. This preclinical systematic review provided
preliminary evidence that Cur partially improves RIRI in

animal models probably via anti-inflammatory, antioxi-
dant, antiapoptosis, and antifibrosis mechanisms, as well
as by improving microperfusion. The findings suggest the
possibility of developing Cur as a drug for the clinical
treatment of RIRI.
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Figure 10: Subgroup analyses of the SCr. (a) The different effect sizes between single administration and repeated administration; (b) the
different effect sizes between different occluding renal vessel model groups; (c) the different effect sizes between different ischemic times. ∗

P < 0:05 between subgroups; #P > 0:05 between subgroups.
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Figure 11: A schematic representation of osteoprotective mechanisms of Cur for RIRI.
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Emerging evidence has identified the association between gut microbiota and various diseases, including cardiovascular diseases
(CVDs). Altered intestinal flora composition has been described in detail in CVDs, such as hypertension, atherosclerosis,
myocardial infarction, heart failure, and arrhythmia. In contrast, the importance of fermentation metabolites, such as
trimethylamine N-oxide (TMAO), short-chain fatty acids (SCFAs), and secondary bile acid (BA), has also been implicated in
CVD development, prevention, treatment, and prognosis. The potential mechanisms are conventionally thought to involve
immune regulation, host energy metabolism, and oxidative stress. However, numerous types of programmed cell death,
including apoptosis, autophagy, pyroptosis, ferroptosis, and clockophagy, also serve as a key link in microbiome-host cross talk.
In this review, we introduced and summarized the results from recent studies dealing with the relationship between gut
microbiota and cardiac disorders, highlighting the role of programmed cell death. We hope to shed light on microbiota-targeted
therapeutic strategies in CVD management.

1. Introduction

Cardiovascular disease (CVD), with its rising prevalence rate
and mortality, entails both health threats and economic
burdens to our society. As a chronic progressive condition,
the development of CVDs often begins with risk factors like
obesity, type 2 diabetes, and hypertension, most of which
would irreversibly damage vascular structure and eventually
lead to detrimental clinical outcomes like arterial thrombosis
and ischemic stroke.While heredity can only be blamed for less
than 20% occurrence of CVDs, dietary and nutritional statuses
are two stimuli with more profound and lasting impacts [1].
Therefore, increasing evidence has suggested a close relation-
ship between gut microbiota and CVD development [2].

The gut microbiota refers to trillions of commensal
microorganisms located in the intestine in a certain propor-
tion, whose balance is easily disturbed by food intake, life-
style, and environment [3]. Considered a complex organ,
the microbial community is required in the committed step

through which food would be converted into small com-
pounds and metabolites, thus modulating intestine structure,
gut barrier integrity, inflammatory status, and host metabo-
lism both directly and indirectly [4]. Since Hippocrates
claimed that “all diseases begin in the gut” centuries ago, a
great body of research has demonstrated the interplay
between intestinal microbiota and diseases, including colo-
rectal cancer [5], cerebral ischemia-reperfusion injury [6],
liver fibrosis [7], and CVDs [8]. The gut microbiota accounts
for 0.2–2.0 kg of the weight of an adult and approximately
50% of the dry weight of adult feces. The enormous genome
of microbial genes and their functions are described as the
microbiome, which outnumbers the human genome tremen-
dously [3, 9]. Although the characteristics of the gut commu-
nity may be inherited in early life, the composition could also
be altered by external conditions [10, 11]. Appropriate gut
microbiota structure and metabolite functions are essential
in homeostasis maintenance, whereas gut dysbiosis contrib-
utes to atherosclerosis, hypertension, heart failure, arrhythmia,
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cardiac tumours, and others [12]. However, its underlying
mechanisms are multifactorial and yet to be determined.

In this report, we introduce the role of gut microbiota in
CVDs and summarize possible mechanisms, which may pro-
vide a theoretical basis and shed light on novel therapeutic
strategies in the prevention and treatment of CVDs.

2. Mechanisms Underlying the
Interaction between Gut Microbiota and
the Host

The community of gut microbiota consists mostly of bacteria,
fungi, and viruses in which the primary component is bacteria.
There are 5 major families in the intestinal flora: Bacteroidetes,
Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicro-
bia [13]. Although the variety of species is abundant, the archi-
tecture of gut microbiota is comparatively fixed in different
sites. However, the differences in gut microorganism quanti-
ties between locations are significant, with the ascending colon
containing the largest number [13]. Under physiological con-
ditions, more than 90% of the bacteria comprise Bacteroidetes
and Firmicutes, while an elevated Firmicutes/Bacteroidetes
(F/B) proportion is associated with CVDs [14]. Koliada et al.
found that with the body mass index (BMI) in Ukraine adult
population increasing, their F/B ratio raised likewise after
removing other confounders such as age or smoking [15].
Subsequently, evaluation of children’s gut microbiota compo-
sition and BMI had confirmed F/B ratio as a key risk indicator
for childhood obesity [16]. Additionally, the F/B ratio is
related to low-grade inflammation leading diabetes mellitus
[17]. These diseases serve as both risk factors and stimulatives
for CVDs. In addition to intestinal integrity maintenance, gut
metabolites serve as essential messengers in the communica-
tion between gut microbiota and the host. Here, we review
the mechanisms underlying the interaction between gut
microbiota and the host, especially in CVDs.

2.1. Immunoregulation. Generated by fiber fermentation in
the colon, short-chain fatty acids (SCFAs) include three major
products, namely, acetate, propionate, and butyrate, all of
which contain less than six carbons [18]. Apart from being
nutrients and energy sources for intestinal epithelial cells,
these small-molecule metabolites could enter the blood circu-
lation, participate in immune regulation and inflammation
modulation either by binding to G protein-coupled receptors
(GPCRs) or by inhibiting histone deacetylases (HDACs)
[18], and thereby influence gut homeostasis and host diseases.
Laurence et al. found that SCFAs induce NLRP3 inflamma-
some activation and subsequent abundant IL-18 secretion in
a GPR43- and GPR109A-dependent manner, thus eliciting
favourable effects on intestinal integrity maintenance [19].
Of note, GPR43 and GPR109A are two receptors that are
expressed on intestinal epithelial cells and some immune cells,
where GPR43 mainly binds to acetate and propionate, while
GPR109A is specifically activated by butyrate [20]. Studies
have demonstrated that SCFAs beneficially upregulate not
only the proliferation and differentiation of regulatory T cells
(Tregs) but also the anti-inflammatory IL-10 secreted from
Foxp3+ Tregs, which are mediated through GPR43 (also

known as Ffar2) activation and HDAC inhibition [21].
Additionally, butyrate was shown to suppress proinflamma-
tory factors, including IL-6, IL-12, and NO, from intestinal
macrophages by HDAC inhibition [18]. Likewise, Bartolo-
maeus et al. recently proved that the anti-inflammatory role
of SCFAs such as propionate significantly reduced the number
of effector memory T cells and T helper 17 cells, thus mitigat-
ing cardiovascular damage [22]. However, the proinflamma-
tory functions mediated by GPR41 (also known as Ffar3)
and GPR43 were reported elsewhere [23], indicating that
SCFA-induced immunoregulatory effects are dependent on
the distinct cell types.

Additionally, trimethylamine N-oxide (TMAO) is
generally investigated as a risk indicator for cardiovascular
diseases, diabetes mellitus, nonalcoholic fatty liver disease,
and other metabolic events [24–26]. As the end-product of
dietary choline and L-carnitine, TMAO is converted from
trimethylamine (TMA) in the liver by flavin-containing
monooxygenases (FMOs), especially FMO3 [24]. However,
how exactly TMAO functions to regulate homeostasis is
seldom discussed. According to Sun et al., TMAO induces
inflammation by activating the ROS-TXNIP-NLRP3 inflam-
masome, thereby contributing to endothelial dysfunction in
human umbilical vein endothelial cells [27]. Similarly, Yue
et al. showed that TMAO promotes the release of the inflam-
matory cytokines IL-1β and IL-18 via activation of the NLRP3
inflammasome from foetal human colon cells in a time- and
dose-dependent manner [28]. Moreover, injection of TMAO
was shown to significantly increase inflammatory markers,
including cyclooxygenase 2, IL-6, E-selectin, and ICAM1,
through the MAPK and NF-κB signalling pathways, which
then recruit leukocytes and induce vascular inflammation
[29]. In these fine experiments in which treatments against
TMAO were adopted, inflammatory damage was prevented.
Taken together, the proinflammatory role of TMAO is
established.

Plasma cholesterol, the key cellular membranes constitu-
ent and precursor of steroid hormones, vitamin D, and bile
acids, is positively correlative with cardiovascular diseases.
There are two main sources of cholesterol, with one-third
being exogenous from daily dietary and the other two-third
synthesized inside the body [30]. Confirmed with various
models, microbial regulation is believed to be critically
involved in cholesterol balance modulation [31]. To begin
with, gut microbiome is reported to convert cholesterol into
poorly absorbed coprostanol, reducing the risk of cardiovas-
cular diseases [30, 32]. Further elucidation reveals that the
presence of intestinal sterol metabolism A genes is responsi-
ble for such metabolism mediation [32]. Another key aspect
the gut microbiota enrolled is bile acids metabolism. Bile
acids deconjugation yields free bile acids as well as free
glycine or taurine residues, which requires the participation
of bile salt hydrolase enzymes (BSHs) [30]. The presence of
BSHs was found within Clostridium, Bifidobacterium, Lacto-
bacillus, and others. With higher degree of bile salts deconju-
gation, more free BAs were excreted into feces [30]. Primary
bile acids refer to steroid molecules that result from the
decomposition of cholesterol in the liver. Most of them are
recycled back to the liver, while the rest enter the intestine,
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where they are converted into secondary bile acids by gut
microbiota [33]. The most well-studied secondary bile acids
are deoxycholic acid (DCA), lithocholic acid (LCA), and
ursodeoxycholic acid (UDCA), which often function through
their receptors, including G protein-coupled BA receptor 1
(TGR5), farnesoid X receptor (FXR), and vitamin D receptor
(VDR) [33]. When bound to the TGR5 receptor, secondary
bile acids cause the activation of macrophages and then the
production of inflammatory cytokines [34]. Interestingly,
researchers found that low concentrations of secondary bile
acids bring anti-inflammatory effects, while high concentra-
tions would instead cause damage. For example, Wang
et al. demonstrated that low-dose DCA mitigates the inflam-
matory response in birds [35].

Additionally, these products from commensal microbiota
would trigger innate immune signalling, thereby communicat-
ing with the host. Microbial-associated molecular patterns
(MAMPs) including LPS or peptidoglycan are recognized by
receptors like Toll-like receptors (TLRs), NOD-like receptors
(NLRs), and others [4]. The strong connection between TLRs
and atherosclerosis was confirmed in genetic mice researches.
In the TLR4-/- apoE-/- mice model fed with cholesterol-rich
diet, the size of aortic plaque was significantly reduced [36].
Interestingly, deficiency of TLR2 inmyeloid cells had no influ-
ence in the development of atherosclerosis, suggesting the role
of endothelial TLR2 in atherogenesis [37]. Furthermore, the
development of arterial thrombosis was relative to NOD2,
TLR2, and TLR9 signalling in platelets as well as TLR2 and
TLR4 pathways in endothelial cells [4].

2.2. Energy Metabolism and Homeostasis.Among the numer-
ous risk factors contributing to CVD, abnormal immune
regulation and metabolic disorders represent two major
elements. Metabolic syndromes such as obesity, dyslipidosis,
hyperglycaemia, and insulin resistance are closely related to
the occurrence and development of CVD. In recent years,
the link between gut microbiota, metabolism, and CVD has
gained much attention. For instance, Den and his coworkers
considered SCFAs to carry metabolic benefits for those with
a high-fat diet through inhibition of peroxisome proliferator-
activated receptor gamma (PPARγ), converting lipid synthesis
to lipid oxidation [38]. Moreover, a fiber-rich diet upregulates
the levels of SCFAs in the gut, which then promotes intestinal
gluconeogenesis [39]. SCFAs accelerate the production of
GLP-1 by binding to GPR41 and GPR43, therefore facilitating
insulin secretion [39]. In contrast, TMAO aggravates triglycer-
ide accumulation and lipogenesis in the livers of high-fat diet-
fed mice [40]. Propionate was found to induce glycogenolysis
and hyperglycaemia via the upregulation of glucagon and fatty
acid-binding protein 4 (FABP4), thereby hindering the effects
of insulin [41]. In mice with obesity, bile acid promotes GLP-1
secretion via the TGR5 pathway, thereby modulating blood
sugar [42]. Notably, there is multiplicity in the associations
between gut microbiota and their microbiome. For instance,
TMAO could alter the bile acid profile and metabolism, thus
contributing to liver steatosis and atherosclerosis [40, 43],
whereas bile acid stimulates FMO3 expression via FXR, even-
tually resulting in TMAO production (Bennett et al., 2013).

Moreover, butyrate was found to restore bile acid dysregula-
tion and counteract hepatic inflammation [44].

To sum up, the gut microbiota communicates with the
host through diverse manners. To begin with, SCFAs and
secondary bile acids are two of the main products by gut
microbiota. They play their immune-regulatory role either
by directly affecting the proliferation of immune cells or by
stimulating the production of cytokines. Moreover, SCFAs
are involved in both lipid and sugar metabolism. Second,
TMAO that primarily comes from L-carnitine and choline
consumption participates in inflammatory modulation by
promoting IL-18 and IL-1β release or activating
MAPK/NF-κB signalling pathway, thus upregulating the
levels of COX2, IL-6, and ICAM1. Moreover, MAMPs
including LPS and peptidoglycan serve as another vital con-
tributor in the development of atherosclerosis and arterial
thrombosis, mainly through TLRs and NLRs (Figure 1).

2.3. Programmed Cell Death. Apart from the well-known
immune and inflammation modulation properties of gut
microbiota, accumulating evidence has revealed its potential
in the determination of diverse manners of cell death
(Figure 2).

2.3.1. Apoptosis. Characterized by the formation of a distinc-
tive apoptotic body, apoptosis is one of the most widely inves-
tigated programmed cell deaths. It is often observed in
myocardial infarction, heart failure, and other vascular damage.
Saito et al. found that Bacteroides fragilis (B. fragilis) is able to
protect HT29 cells from apoptosis resulting from Shiga toxin
[45]. Butyrate promotes vascular smooth muscle cell growth
via proliferation arrest as well as apoptosis inhibition [46].
Notably, there are proapoptotic effects as well. Sodium propio-
nate was reported to induce apoptosis in H1299 and H1703
lung cancer cells, as evidenced by increased protein expression
of p21, Bad, and Bax as well as apoptosis markers, including
cleaved PARP and cleaved caspase 3 [47]. According to Nie
et al., Bifidobacterium (BIF) ameliorates TNF-α-induced cell
apoptosis in Caco-2 cells [48]. Likewise, butyrate causes
apoptosis and cell cycle arrest in kidney epithelial cells [49].

2.3.2. Autophagy. Nie et al. discovered that BIF ameliorates
TNF-α-induced autophagy in Caco-2 cells by suppressing
the level of p62 and inhibiting the expression of autophagy-
related markers such as Beclin1 and LC3II [48]. According
to their research, BIF may provide a therapeutic target aimed
at the Kawasaki disease, which is highly related to acquired
heart disease in children. Lannucci and his coworkers proved
that SCFAs induce autophagy in hepatic cells by uncoupling
protein 2 (UCP2) [50]. Accordingly, Qiao et al. demonstrated
that sodium butyrate contributes to the reduction in α-synu-
clein both via the inhibition of the PI3K/Akt/mTOR autoph-
agy pathway and enhancement of Atg5-mediated autophagy,
manifested as elevated LC3II and reduced p62 expression [51].

2.3.3. Pyroptosis. As a type of proinflammatory cell death,
pyroptosis is characterized by swollen cells, subcellular
organelle damage, and the release of cytokines, including
the NLRP3 inflammasome, NLRP6, an apoptosis-associated
speck-like protein containing CARD (ASC), cysteinyl-
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aspartate-specific proteinase 1 (caspase-1), and gasdermin D.
Data have shown that sodium butyrate is capable of breaking
down the gingival epithelial barrier by inducing pyroptosis
[52]. Similarly, TMAO promotes vascular endothelial cell
pyroptosis via ROS production, thus resulting in the develop-
ment of atherosclerosis [53]. However, Gu et al. proved the
antipyroptosis effects of sodium butyrate on renal glomerular
endothelial cells, protecting them from damage caused by
high glucose [54]. From the perspective of the mechanism,
the classic caspase-1-gasdermin D pathway and NF-κB/IκB-
α signalling may both be involved [54]. Moreover, Cohen
et al. confirmed that Vibrio proteolyticus (VPRH), a Gram-
negative bacterium from the gut of a wood borer, induces
pyroptosis by activating the NLRP3 inflammasome and
caspase-1, thereby resulting in IL-1β secretion, suggesting
that the NLRP3 inflammasome pyroptotic pathway can
benefit the host during infection [55].

2.3.4. Ferroptosis. Induced by lipid reactive oxygen species
accumulation, ferroptosis refers to another distinct kind of
cell death mediated by mitochondria. Studies concerning
whether gut microbiota are implicated in ferroptosis are
rather rare. Until recently, Robert et al. proposed that supple-
mentation of omega-3 polyunsaturated fatty acids (n-3

PUFAs) and butyrate may both facilitate mitochondrial
Ca2+- and Gpx4-dependent ferroptosis [56]. Hopefully, this
hypothesis may shed light on the link between gut microbiota
and ferroptosis as well as accelerate related research.

2.3.5. Clockophagy. The circadian rhythm, namely, clocko-
phagy, is controlled by a complex circadian clock gene
network including the ARNTL, CLOCK, CRY2, and PER2
genes [57]. The interaction between circadian rhythms and
diverse gut microbiota has been well studied, where the acute
sleep-wake cycle shift alters the functional profiles of gut
microbes. Together, the clock-microbial communities affect
host homeostasis [58]. The circadian rhythm of SCFA
production was observed by Segers et al. to cause rhythmicity
in intestinal movement [59]. However, such effects were
abolished by the deletion of Bmal1 [59]. Besides, Marques
et al. found that in hypertensive mice, a high-fiber diet
changes the composition of the gut microbiota and restores
gut dysbiosis, which may be partially due to increased levels
of clock genes in the heart and kidney [60]. Additionally, a
negative correlation between the phylum Firmicutes and
Bmal1 as well as a positive correlation between Bacteroidetes
and Bmal1 was observed in mice [61].

�17 cells↓
HDAC↓ Tregs

IL-10↑

IL-18↑
IL-1𝛽↑

COX2↑
IL-6↑
ICAM1↑

MAPK/NF-𝜅B
pathway

DCA
LCA
UDCA

Cholesterol

Macrophages

IL-6↑
IL-12↑

NLRP3
inflammasome

TMAO

FMO

TMA

Primary
bile acids

NO↑

CD28
Effector
memory
T cells↓

PPAR𝛾↓

HDAC↓

Lipid
oxidation

Insulin↑
Glycogenolysis↑

Gluconeogenesis↑

Gut microbiota

Choline
L-carnitine

LPS
Peptidoglycan

MAMP TLRs/NLRs

Secondary
bile acids

Atherosclerosis↑
Arterial thrombosis↑

GPR43↑

GPR43

Foxp3+

/GPR109A

Figure 1: Mechanisms involved in gut microbiota-host communication. Short-chain fatty acids (SCFAs), mainly propionate, acetate, and
butyrate, stimulate Fox3+ Tregs and macrophages via GPR43 activation and HDAC inhibition. Fox3+ Tregs subsequently produce the
anti-inflammatory cytokine IL-10, while proinflammatory cytokines such as IL-6 and IL-12 are secreted by macrophages. Moreover, Th17
cells and effector memory T cells were downregulated by SCFAs. By suppressing PPARγ, SCFAs promote lipid oxidation. Although
insulin production was enhanced by SCFAs, glycogenolysis and gluconeogenesis were both observed to occur even with SCFA treatment.
L-carnitine and choline consumption contribute to the release of trimethylamine (TMA), which is then converted by FMO into
trimethylamine N-oxide (TMAO). Both SCFAs and TMAO activate the NLRP3 inflammasome, leading to IL-18 and IL-1β release.
Through the MAPK/NF-κB signalling pathway, TMAO increases the levels of COX2, IL-6, and ICAM1. Secondary bile acids such as
deoxycholic acid (DCA), lithocholic acid (LCA), and ursodeoxycholic acid (UDCA) are produced in the intestine by gut microbiota and
then participate in inflammatory modulation and blood sugar regulation.
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3. Implications of Gut Microbiota in CVDs

To concisely describe the role of gut microbiota in cardiovas-
cular disease, the positive or negative effects of gut microbi-
ota on CVDs are listed in Table 1.

3.1. Hypertension. Hypertension (HTN) has been a key link
in the occurrence and development of cardiovascular dis-
eases. Although HTN is currently beyond cure, it is prevent-
able and controllable. According to the mosaic theory
advanced by Irvin Page, HTN is induced by multiple factors,
including inheritance, diet, and environment [62]. HTN also
has extensive impacts on various tissues and organs, such as
endothelial cells, the kidneys, and brain. Moreover, in recent
years, the value of gut microbiota in HTN has been widely
investigated.

In the work conducted by Li et al., fecal transplantation
was performed from hypertensive individuals to germ-free
mice. Along with microbiota shift, blood pressure was also
elevated in those mice, indicating the contributing role of
gut microbiota in hypertension [63]. It has been demon-
strated that butyrate-producing bacteria and butyrate levels
are relatively low in patients with HTN, indicating that
imbalanced host-microbiome cross talk is relevant to systolic
blood pressure [64]. Accordingly, in mice pretreated with
angiotensin II, supplementation with butyrate effectively
lowered blood pressure [65]. Interestingly, the same team
found that gut barrier dysfunction is another contributor to
HTN, as evidenced by elevated levels of zonulin, a gut epithe-

lial tight junction protein regulator [65]. However, the same
metabolite may yield contradictory biological effects through
different receptors. For instance, Jennifer et al. found that
propionate may upregulate blood pressure via olfactory
receptor 78 (Olfr78) while exerting hypotensive effects
through activation of Gpr41 [66]. In-depth knowledge
reveals that vascular inflammation and endothelial dysfunc-
tion are two key processes in the development of hyperten-
sion [67]. In mice fed with Western diet, endothelial
dysfunction was associated with decreased proportion of
Bifidobacterium spp., whereas antibiotic administration
helped mitigate such vascular damage [68]. As compared
with germ-free mice, the conventionally raised mice
pretreated with Ang II presented with a higher level of IL-4
and IL-10, indicating a vascular inflammation-prone role of
enteric flora [68]. In a meta-analysis of 8 studies, a higher
circulating TMAO level was positively associated with hyper-
tension risk, which was dose-dependent [69]. Liu and
coworkers identified that administration of the Lactobacillus
rhamnosus GG strain is an effective approach to prevent
exacerbation of HTN, which is in part mediated by reducing
TMAO levels [70]. However, it is worth noting that the
application of TMAO alone would not alter blood pressure
in normotensive rats but prolonged the hypertensive-prone
effects of angiotensin II [71]. More recently, a novel mecha-
nism different from inflammation or immunity regulation
has been presented. In high salt-induced hypertensive mice,
elevated blood pressure is closely related to increased levels
of intestinal-derived corticosterone [72].
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Figure 2: Manners of cell death induced by gut microbiota. A variety of gut flora have been demonstrated to be effective in regulating cell
death. (a) Muciniphila and (b) fragilis were shown to counteract apoptosis. In contrast, sodium propionate has the ability to induce
apoptosis. Interestingly, the effects of butyrate on apoptosis are controversial, manifesting elevated biomarkers such as P21, Bad, Bax, and
caspase-3. In addition, SCFAs stimulate autophagy, while Bifidobacterium is autophagy-protective, with decreased expression of P62,
Beclin1, and LC3II. Sodium butyrate promotes autophagy by inhibiting the PI3K/Akt/mTOR pathway. Additionally, it is involved in
pyroptosis via regulation of the caspase-1/gasdermin D pathway. In addition, TMAO stimulates ROS activation and thus induces
pyroptosis. Along with pyroptosis, the NLRP3/NLRP6 inflammasome and IL-1β are produced. Moreover, clockophagy can reverse gut
dysbiosis. For instance, SCFAs are capable of controlling rhythmicity via clock genes such as Bmal1.
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Taken together, these results established that the gut
microbiota is involved in blood pressure regulation. However,
the underlying mechanisms still await further validation.

3.2. Atherosclerosis and Arterial Thrombosis. Initially related
to dyslipidaemia, abnormal accumulation of macrophages,
and massive production of inflammatory cytokines, athero-
sclerosis is considered a chronic inflammatory disease that
underlies end-stage CVDs such as myocardial infarction or
heart failure. In recent years, people have started to consider
gut microbiota potent regulators during the development of
atherosclerotic lesions. Koren et al. first identified bacterial
DNA in atherosclerotic plaques, and the amount of DNA
was associated with the infiltration of leukocytes in the
plaques [73]. Moreover, the altered composition of the gut
microbiome was confirmed in a metagenome-wide associa-
tion study encompassing 218 individuals with atherosclerosis
and 187 healthy controls. Specifically, the abundances of
Enterobacteriaceae, Ruminococcus gnavus, and Eggerthella
lentawere significantly increased in those with atherosclerosis,
whereas Roseburia intestinalis and Faecalibacterium cf. praus-
nitzii, both butyrate-yielding bacteria, were reduced [74]. The
above findings strongly suggest correlations between gut
microbiota and atherosclerosis.

With the use of atherosclerosis-prone germ-free mice and
antibiotic treatments, the role of gut microbiota in atheroscle-
rosis development was further elucidated (Table 2). First
people suggested that bacterial or viral infection is necessary
for the initiation of atherosclerosis. However, such hypothesis
was overturned by Samuel and his colleagues’ work [75].

Apolipoprotein (apo) E-/- murine model was often adopted
for atherosclerosis research given the self-driven ability of
atherosclerotic plaque formation. Samuel et al. compared the
atherosclerosis lesion in germ-free apoE-/- animals with those
raised in conventional environment, and they found no
evident difference [75]. Alternatively, with the help of antibi-
otics to suppress gut microflora, choline-enhanced atheroscle-
rosis in aorta was off-set along with reduced macrophage and
scavenger receptor CD36 [76]. However, given the complexity
of enteric flora, the pro- or antiatherosclerosis role of gut
microbiota depends. Kasahara and his colleagues demon-
strated that Roseburia intestinalis is capable of ameliorating
atherosclerosis by shaping gene expression, enhancing fatty
acid metabolism, and reducing the inflammatory response
[77]. However, treatment with butyrate markedly mitigates
the formation of atherosclerotic plaques via the upregulation
of ABCA1 and subsequent cholesterol efflux [78]. In contrast,
the production of TMAO by gut microbiota yields negative
effects on atherosclerosis [79].

Rupture of the atherosclerotic plaque would likely cause
arterial thrombus elsewhere, resulting in detrimental conse-
quences. For one, the LPS-TLR pathway is a m4ajor contrib-
utor in thrombosis formation. Both TLR2 and TLR4 were
found expressed on endothelial cells and platelets. Activation
of TLR2 and TLR4 pathway would facilitate the release of
VWF and factor VIII expression, contributing to platelet-
proinflammatory cell aggregation [80]. For another, gut
microbiota metabolites take part in arterial thrombosis as
well. Feces transplantation of TMAO-rich gut microbiota
into germ-free mice would promote platelet function and

Table 1: The exact role of different gut microbiota in CVDs.

CVDs
Atherosclerosis Myocardial infarction Heart failure Arrhythmia

Species

Enterobacteriaceae Negative

Ruminococcus gnavus Negative

Eggerthella lenta Negative

Roseburia intestinalis Positive

Faecalibacterium cf. prausnitzii Positive

Synergistetes phylum Negative

Lachnospiraceae family Negative

Spirochaetes phylum Negative

Syntrophomonadaceae family Negative

Tissierella and Soehngenia genera Negative

Lactobacillus plantarum 299v Positive

Faecalibacterium prausnitzii Positive

Bacteroides fragilis Positive

Ruminococcus Negative

Streptococcus Negative

Enterococcus Negative

Faecalibacterium Positive

Alistipes Positive

Oscillibacter Positive

Bilophila Positive
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Table 2: Researches of gut microbiota in CVDs.

Diseases Sample Observations Mechanism Ref.

Hypertension

HTN patients Decreased butyrate-producing bacteria and butyrate level SCFA-dependent [62]

Ang-II
pretreated

mice

Reduced BP after butyrate administration; increased
zonulin level

SCFA-dependent; gut barrier
dysfunction

[65]

Mice Increased BP after propionate treatment Olfr78-dependent [66]

Mice Decreased BP after propionate treatment Gpr41-dependent [66]

Lactobacillus rhamnosus GG prevents HTN development Reduced TMAO levels [70]

Mice High salt-induced HTN
Increased intestinal-derived

corticosterone
[72]

Atherosclerosis

Patients Bacterial DNA observed in atherosclerotic plagues / [73]

Roseburia intestinalis ameliorates atherosclerosis
Alter gene expression, induce fatty

acid metabolism, and reduce
inflammation response

[77]

apoE-/- mice
Comparable atherosclerosis lesion in germ-free apoE-/-
animals and their conventionally raised counterparts

/ [75]

Choline-enhanced atherosclerosis in aorta was off-set by
antibiotics

Reduced macrophage and scavenger
receptor CD36

[76]

apoE-/- mice
with HFD

Butyrate mitigates atherosclerotic plaque formation
Upregulation of ABCA1 and
subsequent cholesterol efflux

[78]

Myocardial
infarction

AMI rat model
Increased Synergistetes phylum, Lachnospiraceae family,
Spirochaetes phylum, Syntrophomonadaceae family, and

Tissierella and Soehngenia genera

In parallel with gut barrier
impairment

[83]

STEMI
patients

Over 12% plasma bacteria originated from the gut
Partially associated with an
inflammatory response

[84]

Patients
presenting
with chest

pain

Predictive value of plasma TMAO levels for incident
cardiovascular events

TMAO-related proinflammatory
monocytes augment

[85]

Mice
Improve cardiac repair and post-MI outcome though

modulation of immune composition
Gut microbiota-derived SCFAs
modulate immune composition

[86]

Lactobacillus plantarum 299v improved ischemia tolerance
and acute cardiac injury after MI

Reduce leptin level [87]

Heart failure

Mice Bacteroides fragilis reduces ventricular remodelling
Increased Foxp3+ Treg cells and anti-

inflammatory cytokine
[92]

Depletion of SCFAs finally leads to HF
Intestinal barrier destruction, with

endotoxin translocation
[93,
94]

Mice TMAO alters cardiac muscle cells contractility Promotion of calcium ions release
[95,
96]

TMAO confers detrimental effects on adult cardiomyocytes
T-tubule network damage; Ca

handling dysfunction
[97]

Mice
Pulmonary edema, cardiac enlargement, and decreased

ejection fraction
TMAO-dependent [98]

Patients TMAO increases susceptibility to HF Induction of myocardial fibrosis [99]

Overload-
induced HF

mice
DMB ameliorates adverse cardiac structural remodelling Downregulating TMAO levels [100]

Arrhythmia

Patients Shared common features of gut microbiota dysbiosis
Alike ratio of Firmicutes and

Bacteroidetes
[104,
105]

Patients Thrombus formation; platelet hyperreactivity Elevated TMAO level [107]

TMAO stimulates ischemia-induced VA
Release of proinflammatory markers

such as IL-1β and TNF-α
[109]

Canine AF
model

Gut microbes counteracts AF progression
TMAO production and CANS

activation
[110]

Mice Reduced susceptibility to cardiac ventricular arrhythmias SCFA-dependent [22]
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arterial thrombosis [81]. Recently, another gut microbial
metabolite, Phenylacetylglutamine (PAGln), was shown to
induce hyperreactivity of platelet via adrenergic receptors [82].

3.3. Myocardial Infarction. The connection between intesti-
nal flora and myocardial infarction (MI) has been supported
by a growing body of literature. In a rat model of acute
myocardial infarction (AMI), enrichment of the Synergistetes
phylum, Lachnospiraceae family, Spirochaetes phylum,
Syntrophomonadaceae family, and Tissierella and Soehngenia
genera was observed compared with the sham group, which
is in parallel with gut barrier impairment [83]. In patients
with ST-elevation myocardial infarction (STEMI), systemic
microbiome alteration was also observed. Over 12% of
plasma bacteria were identified to originate from the gut after
STEMI, which is partially associated with the inflammatory
response [84]. Accordingly, reduced cardiac damage and
decreased inflammation were noticed following the abroga-
tion of bacterial translocation [84]. Of clinical value, plasma
TMAO levels may be potential markers to predict the risks
of incident cardiovascular events in patients presenting with
chest pain [85]. Such potency may in part be explained by
TMAO-related proinflammatory monocyte augmentation
[85]. Moreover, Tang et al. demonstrated that gut microbiota-
derived SCFAs would benefit cardiac repair and improve
post-MI outcome though modulation of immune composition
[86]. With the administration of the probiotic Lactobacillus
plantarum 299v, the leptin level in blood was reduced, leading
to enhancement of ischemic tolerance in the myocardium and
alleviation of acute cardiac injury after MI [87].

3.4. Heart Failure. As an irreversible end-stage disease, heart
failure (HF) is characterized by oedema and dyspnoea, with a
five-year mortality rate of over 50% [88]. At present, a grow-
ing body of research has confirmed the “gut hypothesis of
heart failure” [89, 90]. That is, decreased cardiac output in
HF leads to intestinal mucosa barrier damage and dysbacter-
iosis, with elevated levels of pathogenic bacteria such as
Candida [91] and reduced levels of anti-inflammatory bacte-
ria such as Faecalibacterium prausnitzii [3]. Reciprocally,
intestinal flora promotes HF development by participating
in mucosal immunity modulation [3]. Segmented filamen-
tous bacteria can stimulate the secretion of IL-6 and IL-23
and then promote the differentiation of Th17 cells. Bacter-
oides fragilis increases the abundance of Foxp3+ Treg cells
and induces the secretion of anti-inflammatory cytokines,
which have been found to reduce ventricular remodelling in
MI mice [92].

Not surprisingly, metabolites of intestinal flora are also
important for HF. Although studies concerning SCFAs and
HF are limited, it has been proven that SCFAs are beneficial
for the intestinal mucosa [3]. The depletion of SCFAs would
result in intestinal barrier destruction, which then facilitates
the translocation of endotoxin into blood circulation and
finally leads to HF [93, 94].

However, the level of TMAO has long been recognized as
a risk factor. Savi et al. found that TMAO promotes the
release of calcium ions in cardiac muscle cells of healthy mice
and thus alters their contractility [95, 96]. Recently, the in-

depth work carried out by Jin et al. showed that TMAO
confers detrimental effects on adult cardiomyocytes by
inducing T-tubule network damage and Ca handling dys-
function [97]. When TMAO was administered to HF mice,
Organ et al. found that mouse cardiac function deteriorated
significantly, characterized by pulmonary oedema, cardiac
enlargement, and decreased ejection fraction [98]. Schuett
et al. proved that TMAO could enhance patient susceptibility
to HF by increasing myocardial fibrosis [99]. Likewise, Wang
and his team proved that 3,3-dimethyl-1-butanol (DMB)
ameliorates adverse cardiac structural remodelling in
overload-induced HF mice by downregulating TMAO levels
[100]. Given the critical role of TMAO in HF, it may serve as
a potential therapeutic target.

3.5. Arrhythmia. Arrhythmia, including atrial fibrillation
(AF), ventricular arrhythmia (VA), and atrioventricular
block, is emerging as intractable CVD that contributes to
heart failure or sudden cardiac death. Up-to-date studies
have shown that anticancer therapies may induce cardiotoxi-
cities, such as corrected QT interval prolongation and
arrhythmia [101]. Additionally, Vahdatpour et al. found that
atrial arrhythmia can be secondary to chronic lung disease-
associated pulmonary hypertension [102]. Due to its preva-
lence and accompanying adverse events, investigation about
arrhythmia has deepened, and we are now looking at the
implications between gut microbiota and arrhythmia.

Zuo et al. previously identified variable metabolic patterns
as well as imbalanced gut microbiota composition in patients
with AF in which Ruminococcus, Streptococcus, and Enterococ-
cus significantly increased while Faecalibacterium, Alistipes,
Oscillibacter, and Bilophila obviously reduced [103]. Later,
they found that patients with persistent AF (psAF) shared a
great proportion of common features of gut microbiota
dysbiosis [104]. In their latest study, the fecal microbiota from
patients with psAF and those with paroxysmal AF were
investigated, verifying a similar pattern of gut microbiota, with
similar ratios of Firmicutes to Bacteroidetes [105].

Svingen et al. conducted a study in thousands of patients
with suspected stable angina and proposed that plasma
TMAO levels are definitely related to AF [106]. It is well
known that thrombi can easily take place in the left atrial
appendage of patients with AF, which then leads to embo-
lism. Gong et al. found that in patients with AF, elevated
TMAO levels are related to thrombus formation, manifested
as platelet hyperreactivity [107]. It has been confirmed that
the cardiac autonomic nervous system (CANS) can regulate
the pathophysiology of AF or VA [108]. Meng et al. first
proposed that preserving dysbacteriosis or modulating
metabolites such as TMAO may be a target to treat arrhyth-
mia due to the ability of TMAO to stimulate CANS and
deteriorate ischaemia-induced VA by releasing proinflam-
matory markers such as IL-1β and TNF-α [109]. Similarly,
according to the experiment of Yu et al., gut microbes have
the ability to counteract AF progression by producing TMAO
and can thus activate CANS in a rapid atrial pacing-induced
canine AF model [110]. Likewise, in a propionate-treated
hypertensive mouse model, the susceptibility to cardiac
ventricular arrhythmias was significantly reduced, indicating
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possible links between SCFAs and arrhythmia development
[22]. Although the connection between gut microbiota and
arrhythmia has been established, the precise underlyingmech-
anisms still await further investigation (Table 2).

4. Microorganism-Targeted Therapies

4.1. Fecal Microbiota Transplantation. As an effective
approach to directly introduce intestinal flora, fecal microbiota
transplantation (FMT) has gained much attention. The thera-
peutic value of FMT in gastrointestinal diseases, neurological
and psychiatric disorders, and immunology regulation has
been extensively examined [22, 111, 112]. However, studies
concerning its application in CVDs are limited. Although oral
supplementation of resveratrol has been proven to improve
glucose homeostasis by altering gut microbiota, in the work
of Kim and his colleagues [113], FMT from resveratrol-fed
mice to obese mice was found to yield better results than oral
administration of resveratrol alone, indicating that FMT is
more straightforward and direct. Moreover, Hu et al. showed
that FMT could abolish the increased proportion of Firmicu-
tes/Bacteroidetes, diminish inflammatory infiltration in cardi-
omyocytes, and thereby attenuate myocarditis in mice [5].
However, in a double-blind trial involving 20 patients, the
composition of intestinal flora was altered in the recipients
after FMT from vegetarians, whereas the vasculitis indicators
presented no improvement [114]. There are also disadvan-
tages to FMT. For instance, endotoxins are transferred along
with the donor microbiome. How to weigh the pros and cons
of actual practice is still an issue to be addressed. To guarantee
the reliable and smooth application of FMT in clinical use, the
establishment of stool banks is on its way.

4.2. Probiotic Administration. Among the numerous bacteria
residing in the host intestine, some are beneficial. An extra
boost of these bacteria would probably bring positive results,
thus leading to the application of probiotics. In a meta-
analysis involving 846 individuals with hypertension, mild
reductions in blood pressure, body mass index (BMI), and
blood glucose levels were observed after probiotic administra-
tion, supporting the beneficial role of probiotics in blood
pressure control [115]. Similarly, in other studies with sponta-
neously hypertensive rats, the probiotics Bifidobacterium breve
and Lactobacillus fermentum were found to elicit antihyper-
tensive effects by restoring gut microbiota balance and
preventing endothelial dysfunction [116], whereas long-term
supplementation with kefir ameliorated high blood pressure
via improvement in intestinal integrity [117]. Moreover, in
apoE-/- mice fed with HFD, supplementation with Lactobacil-
lus rhamnosus GR-1 markedly reduced atherosclerotic lesion
size by alleviating oxidative stress and inflammation [118].
Likewise, Lactobacillus plantarum ZDY04 has been shown to
downregulate serum TMAO levels, which is a critical factor
contributing to atherosclerosis development [119].

4.3. Herbal Medicine. Traditional Chinese medicine (TCM),
which mainly utilizes herbs and their extracts, has recently
been demonstrated to treat CVDs via intestinal microbial
modulation. Ou et al. reviewed and summarized the mecha-

nisms of gut flora in TCM’s theory of “stasis of intermingled
phlegm and blood stasis” [120]. For example, the fact that
TMAO promotes thrombosis might be one of the major
causes of CVDs [121]. Anlu et al. showed that berberine
originating from the Chinese herb Coptis chinensis has the
ability to regulate the “microbiota-metabolism-immunity”
axis [122]. Moreover, resveratrol derived from Polygonum
cuspidatum was demonstrated to attenuate TMAO-induced
atherosclerosis in apoE-/- mice by remodelling microbiota
as well as decreasing TMAO and BA levels [123]. In addition,
Ghosh et al. found that curcumin, a phytochemical compo-
nent of Curcuma longa, attenuates atherosclerosis in LDLR-
/- mice by regulating intestinal barrier function [124]. Anwar
et al. showed that Trigonelline, which is purified from the
seeds of Trigonella foenum-graecum, can inhibit the growth
of Citrobacter freundii and subsequently decrease the
production of TMAO in mice [125].

5. Conclusion

Evidence from a compilation of studies of animals and
humans indicates that the implications of gut microbiota
and their metabolites in CVDs are well established. With
high-throughput technologies, verification of the intestinal
flora composition and in-depth mechanistic exploration are
accessible. However, the links between gut microbiota and
disease development are so complex that they involve
immune regulation, the inflammatory response, gut barrier
integrity, metabolic homeostasis, etc. Further investigations
into the specific mechanisms are needed, which then share
the possibility of being transferred into clinical practice.
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Objective. Totally thoracoscopic cardiac surgery under cardiopulmonary bypass combined with one-lung ventilation has been
identified as the trend in cardiac surgery. The aim of this study was to examine the effects of the selective α2 adrenergic receptor
agonist dexmedetomidine on the pulmonary function of patients who underwent mitral valve surgery using the totally
thoracoscopic technique. Methods. Fifty-seven patients who underwent thoracoscopic mitral valve surgery between July 2019 and
December 2019 were selected. The patients were randomly divided into the control (Con) group (n = 28) and the
dexmedetomidine (DEX) group (n = 29) using the random number table method. Arterial blood gas analyses were performed, and
the oxygenation (PaO2/FiO2) and respiratory indexes (P(A-a)O/PaO2) were calculated 5min after tracheal intubation (T1), 2 h
after operation (T2), 6 h after operation (T3), and 24 h after operation (T4). Moreover, the serum cytokines interleukin-6 (IL-6),
tumor necrosis factor-α (TNF-α), and intercellular adhesion molecule-1 (ICAM-1) were detected using the enzyme-linked
immunosorbent method at all time points. Chest radiography was performed 24 h after surgery. Peripheral blood samples were
collected before and after the operation for a complete hemogram. Additionally, the procalcitonin concentration was measured and
recorded when the patients were transported to the intensive care unit (ICU). The postoperative extubation time, length of ICU
stay, and pulmonary infection rate were also recorded. Results. Inflammatory reaction after surgery was evident. However, the
inflammatory cytokines IL-6, TNF-α, and ICAM-1 in the DEX group were lower than those in the Con group after surgery (T2 to
T4; P < 0:05). Neutrophil counts and procalcitonin concentration were higher in the Con group than in the DEX group (P < 0:05).
In addition, in the DEX group, pulmonary exudation on chest radiography was lower, and pulmonary function, as shown by an
increase in oxidation index and decrease in the respiratory index, improved after surgery (P < 0:05). Moreover, the duration of
mechanical ventilation in the Con group was 3.4 h longer than that in the DEX group. Conclusion. Dexmedetomidine has a
protective effect on pulmonary function in patients undergoing mitral valve surgery using a totally video-assisted thoracoscopic
technique, which may be related to a reduction in the concentration of inflammatory cytokines in the early perioperative period.

1. Introduction

Totally thoracoscopic cardiac surgery has developed rapidly
in clinical practice due to its minimally invasive technique
and rapid recovery [1]. Thoracoscopic cardiac surgery
requires cardiopulmonary bypass (CPB) and the one-lung

ventilation (OLV) technique. Both CPB and OLV can result
in acute lung injury associated with the systemic inflamma-
tory response syndrome (SIRS) and pulmonary ischemia-
reperfusion injury, which can lead to pulmonary dysfunction
and seriously affect a patient’s prognosis [2–4]. SIRS caused
by CPB has been one of the main factors that lead to
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postoperative lung injury after CPB.Activation of the comple-
ment system is considered the initiating factor of postopera-
tive lung injury from CPB [5]. Both the classic and
alternative pathways of the complement system are acti-
vated during the CPB process, with the intensity of the
inflammatory response enhanced through interaction with
inflammatory factors such as tumor necrosis factor-α
(TNF-α), procalcitonin (PCT), interleukin-1 (IL-1), IL-2,
IL-6, and IL-8. Neutrophils adhere to pulmonary vascular
endothelial cells under the influence of inflammatory
factors such as IL-1, IL-6, IL-8, and TNF-α; platelet-
activating factors; and leukotriene B, which causes an
increase in pulmonary capillary permeability and edema.
The interaction and cascade of cytokines during OLV are
the primary mechanisms that cause lung injury [6].

Dexmedetomidine (DEX) is a highly selective α2 adren-
ergic receptor (α2AR) that is widely used in perioperative
cardiovascular surgeries. Specifically, DEX activates α2
adrenergic receptors and acts as a sedative agent by blocking
signal transduction in the nucleus coeruleus near the fourth
ventricle [7]. In recent years, clinical and basic research has
confirmed that DEX has a protective effect against lung
injury [8]. One study has shown that DEX can reduce lung
inflammation in septic rats by inhibiting the TLR4/NF-κB
pathway [9]. DEX also increases the expression level of
heme oxygenase-1 and the activity of superoxide dismutase
in the lung during OLV, reducing oxidative stress and
inflammation caused by OLV in patients with lung cancer
during surgery, thereby improving intrapulmonary shunting
and hypoxemia [10, 11]. In addition, DEX may reduce IL-6
levels and high-mobility group box-1 generation by inhibit-
ing the activation of NF-κB, which leads to a suppression of
SIRS after CPB [12].

This study is aimed at examining the effects of DEX on
inflammatory factors and respiratory indicators during thor-
acoscopic mitral valve surgery to provide clinical evidence for
organ protection during cardiac surgery.

2. Materials and Methods

2.1. Study Design. The experimental methods of this study
were designed in accordance with the Declaration of Helsinki.
The clinical trial was registered under No. ChiCTR2000032652
in the Chinese Clinical Trial Registry, and patients provided
informed consent after the study was approved by the Insti-
tute of Medical Ethics Committee at Guangdong Provincial
People’s Hospital (No. GDREC2020001H).

2.2. Study Patients and Protocol. The present study was
conducted at Guangdong Provincial People’s Hospital.
Fifty-seven consecutive patients who underwent totally thor-
acoscopic valvular cardiac surgery between July 2019 and
September 2019 were included after they were assessed for
the following criteria: (1) patients aged between 18 and 65
years, (2) American Society of Anesthesiology score II or
III and New York Heart Association class II or III, (3) an
estimated extracorporeal circulation of ≤180min, (4) no
active infective endocarditis, and (5) a rheumatic factor
(RF) level of <20 IU/mL.

The following patients were excluded: (1) elderly
patients ≥ 70 years old; (2) patients without sick sinus
syndrome and atrioventricular block (bradycardia, heart
rate < 60 beats per minute, atrioventricular block above the
first degree, or indoor conduction block); (3) patients accom-
panied with coronary heart disease or cerebrocardiac syn-
drome; (4) patients with Gold grade of >level 2; (5) patients
with severe pulmonary hypertension, with a pulmonary
artery systolic pressure of >60mmHg; (6) patients with
immune system diseases; (7) patients with abnormal renal
function with a blood creatinine level of >110μmol/L; and
(8) patients in whomCPB or the prevention of all-cause mor-
tality from reoperation was difficult.

Patients were randomly divided into 2 groups according
to the random number table method (Figure 1). In the DEX
group, after successful tracheal intubation, the patients
received an infusion of 0.5μg/kg DEX within 10min using
a microinfusion pump. DEX was then continuously infused
at 0.5μg/kg/h until the operation was completed. In the con-
trol (Con) group, the patients were administered normal
saline instead of DEX, but at the same rate and dose as in
the experimental group.

2.3. Sample Size. Based on the main outcome measures
(various points of pulmonary function) in our preliminary
experiment, to achieve acceptable results, the sample alloca-
tion ratio of the two groups was 1.0, the test effect (1 − β)
of the study was 0.9, and the significance level was α = 0:05.
The PASS 11.0 software was used for calculating the sample
size and the T2 time point oxygenation index (Con group
322 ± 45 and DEX group 370 ± 60). The maximum of the
minimum sample size was 27 patients. Based on a potential
dropout rate of 20%, each group needed 33 patients, and 72
patients were included in the actual study.

2.4. Anesthesia and Surgical Procedure. The patients, moni-
tored using electrocardiography, underwent radial artery
puncture and catheterization after entering the operating
room. Intravenous injections of midazolam 0.05mg/kg
(Jiangsu Nhwa Pharmaceutical Co., Ltd., Jiangsu, China),
sufentanil 1μg/kg (Yichang Humanwell Pharmaceutical
Co., Ltd., Yichang, China), etomidate 0.3mg/kg (Jiangsu
Nhwa Pharmaceutical Co., Ltd., Jiangsu, China), and cisatra-
curium 0.3mg/kg (Hengrui Medicine, Jiangsu, China) were
used for the induction of anesthesia. Tracheal intubation
was performed 5min after induction using the Shiley Endo-
bronchial Tube (Covidien, Medtronic, Inc., USA), and tra-
cheal catheterization was performed using bronchoscopy.
Next, a superior vena cava drainage tube and central venous
catheters (B Braun, Ltd., Germany) were inserted through the
right internal jugular vein.

During the maintenance of anesthesia, remifentanil
(YichangHumanwell PharmaceuticalCo., Ltd., Yichang,China)
was infusedwith amicropumpat a rate of 0.3μg/kg/min, propo-
fol (JiangsuNhwaPharmaceutical Co., Ltd., Jiangsu, China) at
a rate of 2–3mg/kg/h, and cisatracurium (Hengrui Medicine,
Jiangsu, China) at a rate of 2μg/kg/min, with intermittent
inhalation of sevoflurane (Hengrui Medicine). The Narco-
trend Index was kept at 25–35, and the protective pulmonary
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ventilation strategy was adopted during OLV with the anes-
thesia system Aisys CS2 (GE Medical System Trade
Development-Shanghai Co., Ltd.). The fraction of inspiration
O2 (FiO2) was 50%–80%, the tidal volume was controlled at
approximately 6mL/kg, the respiratory rate was 16-22 times
per minute, an inspiratory-to-expiratory ratio of 1 : 2 was
performed, the transcutaneous oxygen saturation (SpO2) was
maintained at >90%, and an end-expiratory pressure of 3–
5 cmH2O (0.29–0.49kPa) was used.

After anesthesia induction, for achieving a good opera-
tion position, the CPB was established through the superior
vena cava and femoral vein-to-artery cannulation. A right
anterior external fourth thoracotomy of approximately
3.5 cm was performed. At the level of the axillary midline,
an endoscope was inserted through the fifth intercostal space,
inserting Chitwood aortic occlusive forceps through the
fourth intercostal and parallel atrial sulcus incision of the left
atrium. During the operation, the CPB was operated with
Stockert S5 (Solin Medical-Shanghai, Co., Ltd.), an artificial
cardiopulmonary system, and a CPB perfusion flow of 1.8–
2.4 L/m2/min was maintained. The intraoperative hematocrit
level was controlled at 25%–30%, and the internal environ-
ment was stable. Vacuum-assisted venous drainage technol-
ogy (negative pressure controlled at −50 to −35mmHg,
1mmHg = 0:133 kPa) with whole-body cooling (moderate
degrees of systemic hypothermia at 28°C) was used intraop-
eratively. After the completion of the intracardiac operation,
rewarming to a rectal temperature of 36°C was initiated.
Once the results of the qualitative and quantitative analyses
of cardiac structure and function using the esophageal echo-
cardiography technique were found to be satisfactory, CPB
was stopped. Before chest closure, sputum aspiration and
atelectasis were performed. In both patient groups, the basic
balance between liquid intake and output was maintained
during operation.

2.5. Inflammatory Cytokine Detection and Outcome
Parameter Measurements. In both groups, arterial blood
samples (3mL) were collected at all time points (T1–T4).
RapidPoint 500 (R) (Siemens Healthcare Diagnostics) blood
gas analysis system was used to calculate the oxidation index
(OI) and respiratory index (RI). The remaining arterial blood
was stored in a tube containing coagulant ethylenediamine-
tetraacetic acid (Zhejiang Huafu Medical Equipment Co.,
Ltd., China), allowed to stand for 1 h, and then centrifuged
at room temperature at 3500 r/min in a BY-600A centrifuge
(Bai yang Medical, Guangdong, China) for 10min. The
supernatant was then collected for the detection of TNF-α,
IL-6, and intercellular adhesion molecule-1 (ICAM-1).

Peripheral venous blood samples were collected before
and after the operation for a complete hemogram (white
blood cell (WBC) counts, neutrophil counts, hemoglobin
(Hb) levels, and platelet counts) and for assessing the levels
of creatinine, blood urea nitrogen, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), activated partial
thromboplastin time (APTT), and prothrombin time (PT).
In addition, procalcitonin (PCT) activity was measured using
the ELISA method in accordance with the manufacturer’s
instructions (KeyGen Biotech. Co., Ltd., Nanjing, China).

In addition, the postoperative extubation time, length of
intensive care unit (ICU) stay, and the incidence of pulmo-
nary infections were recorded.

2.6. Statistical Analyses. The SPSS 25.0 statistical software
was used for the data analysis. Numerical data are described
as numbers or rates. The Pearson χ2 test was used for inter-
group comparisons. The measurement data are described as
mean ± standard deviation. The t-test was used for inter-
group comparisons. Repeated-measures data were analyzed
using repeated-measures analysis of variance. Differences

Monitored ECG; HR; IBP; SpO2; CVP; TEE; Narcotrend Index; temperature and ventilator parameters

Anesthesia induction

Anesthesia maintenance

Tracheal intubation T1 Arterial blood samples
DEX group

DEX group DEX 0.5 𝜇g/kg/h

OLV OLVCPB T2 T3 T4

Normal saline in the same way and at the same dose ICU

Arterial blood
samples

Con group

Con group

Operation endFiO2: 60–80%; VT: 6 mL/kg
Sufentanil 0.6 𝜇g/kg Sufentanil 0.4 𝜇g/kg

Operation begins

Yes

NoInfusion 0.5 𝜇g/kg DEX within 10 min

Midazolam: 0.05 mg/kg
Etomidate: 0.3 mg/kg

Sufentanil: 1 𝜇g/kg
Cisatracurium: 0 3 mg/kg

Remifentanil: 0.3 𝜇g/kg/min
Propofol: 2–3 mg/kg/h

Cisatracurium: 2 𝜇g/kg/min
Inhalation of sevoflurane

Figure 1: Flow diagram of the study protocol. (1) Dexmedetomidine (DEX) group. The patients in the DEX group received an infusion of
0.5 μg/kg DEX within 10min via a microinfusion pump after successful tracheal intubation. DEX at a dose of 0.5 μg/kg/h was then
continuously infused until the operation was completed. (2) The control (Con) group. The patients in the Con group were administered
normal saline in the same way and at the same dose. Arterial blood samples (3mL) were collected in the Con and DEX groups at 5min
(T1) after tracheal intubation and 2 h (T2), 6 h (T3), and 24 h (T4) after surgery. ECG: electrocardiography; HR: heart rate; HR: heart rate;
CPB: cardiopulmonary bypass; OLV: one-lung ventilation; IBP: invasive blood pressure; VT: tidal volume; TEE: transesophageal
echocardiography.
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were considered significant when the two-tailed P values
were <0.05.

3. Results

3.1. No Significant Difference in Basic Patient Characteristics
Was Found between the Con and DEX Groups. In accordance
with the inclusion and exclusion criteria, 57 patients were
included in the present study (Figure 2). As shown in
Table 1, no statistically significant differences were found
between the Con and DEX groups in terms of sex, age, body
mass index, cardiac function grade, left ventricular ejection
fraction, pulmonary artery systolic pressure, aortic occlusion
time, extracorporeal circulation time, surgical type, or
comorbidities such as diabetes, grade 3 hypertension, and
atrial fibrillation (P > 0:05). As shown in Table 2, there were
no significant differences found between the two groups in
terms of preoperative and postoperative hemoglobin levels,
liver function, coagulation parameters, or renal function
(P > 0:05). The mean postoperative creatinine level in the
Con group was 11μmol/L higher than that in the DEX group,
but this did not affect normal renal function. As shown in
Table 3, no significant difference in postoperative 24 h left
ventricular ejection fraction was found between the two
groups (P > 0:05). All patients in both groups successfully
underwent the operation and were discharged after recovery.

3.2. DEX Effectively Reduced the Inflammatory Response after
Thoracoscopic Cardiac Surgery. As shown in Figure 3, in the
Con group, the serum IL-6 and ICAM-1 levels after thoraco-
scopic cardiac surgery were significantly higher at T2–T4
(P < 0:05 vs. T1; Figures 3(a) and 3(c)). The serum TNF-α
level was also significantly higher at T2–T3 than at T1
(P < 0:05 vs. T1) but gradually decreased by T4
(Figure 3(b)). In the DEX group, the serum IL-6, ICAM-1,
and TNF-α levels were higher at T2–T3 (P < 0:05 vs. T1),
but these levels were significantly lower at T4 than at T1
(P > 0:05 vs. T1; Figures 3(a)–3(c)). The serum IL-6 and
ICAM-1 levels in the DEX group were significantly lower at
T2, T3, and T4 (P < 0:05 vs. the Con group; Figures 3(a)
and 3(c)). In addition, the decrease in the serum TNF-α level
at T2 was significantly greater in the DEX group (P < 0:05 vs.
Con group; Figure 3(b)).

3.3. DEX Reduced the Serum PCT Concentration and
Neutrophil Count in Peripheral Blood. As shown in Table 2,
the postoperative complete blood cell count (white blood cell
and neutrophil counts) was lower in the DEX group than in
the Con group (P < 0:05). Moreover, the serum PCT concen-
tration was lower in the DEX group than in the Con group
(P < 0:05), suggesting that the risks of inflammation and
infection were lower in the DEX group.

3.4. DEX Attenuated Postoperative Pulmonary Exudation
after Thoracoscopic Cardiac Surgery. As shown in the digital
radiography image in Figure 4, the two groups showed clear
lung texture before surgery with no obvious parenchymal
lesions and normal brightness of the lung field. Postoperative
changes in lung texture were observed in both groups; how-
ever, lung exudation was more obvious in the Con group

than in the DEX group. These results show that DEX could
alleviate postoperative pulmonary exudation after thoraco-
scopic cardiac surgery.

3.5. DEX Improved Pulmonary Dispersion, Ventilation, and
Oxygenation after Thoracoscopic Cardiac Surgery. The RI
reflects lung diffusion and ventilation function, while the oxy-
genation index (OI) reflects pulmonary oxygenation function.

After thoracoscopic cardiac surgery, the OI of the
patients in the Con group was lower at T2–T4 (P < 0:05 vs.
T1; Figure 5(a)), reaching its lowest value at T3. The OI at
T3 showed a 21% decrease compared to that at baseline. In
addition, the RI was higher at T2–T3 (P < 0:05 vs. T1;
Figure 5(b)), reaching its highest level at T2, when the RI
was three times the baseline value.

In the DEX group, the OI was lower at T2–T3 than at T1
(P < 0:05 vs. T1; Figure 5(a)) and reached its lowest value at
T3, but the OI decreased by only 15% compared to the base-
line value. The RI was also higher at T2–T3 (P < 0:05 vs. T1)
and showed the highest value at T2; however, at T2, the RI
was only 1.95-times the baseline value (Figure 5(b)). The
OI levels at T2, T3, and T4 in the DEX group were signifi-
cantly higher than those in the Con group (P < 0:05 vs. the
Con group; Figure 5(a)). In addition, the RI levels at T2 were
significantly lower in the DEX group (P < 0:05 vs. the Con
group; Figure 5(b)).

3.6. DEX Reduced the Mechanical Ventilation Time in the
ICU. As shown in Table 4, the extubation time in the Con
group was 3.4 h longer than that in the DEX group
(P < 0:05). However, no significant differences were found
between the groups in terms of postoperative ICU stay and
pulmonary infection incidence.

4. Discussion

This large-sample retrospective study demonstrated that
administering DEX to manage perioperative anesthesia can
reduce the impact of CPB, surgery, and anesthesia on various
organs of the body, reducing the occurrence of postoperative
complications and improving prognosis [13]. While DEX has
a high potential of benefit in this context, no uniform dose
standard has been established for DEX in cardiovascular
surgery. To avoid transient hypertension and excessive inhi-
bition of the cardiovascular system, 0.5μg/kg [14] adminis-
tered over <10min was selected as the loading dose,
followed by a continuous infusion rate of 0.5μg/kg/h until
the end of surgery.

With the development of new technology in cardiac sur-
gery, the associated mortality rate has noticeably decreased.
However, postoperative pulmonary insufficiency remains as
one of the main causes of postoperative mortality [15]. The
systemic inflammatory response associated with CPB, such
as the activation of the complement system; cytokines TNF-
α, IL-6, and other inflammatory mediators; and the aggrega-
tion and activation of neutrophils in the lung, is involved in
the process of lung injury. In addition, lung ischemia-
reperfusion injury, which includes ischemia and cell damage
caused by reperfusion and subsequent oxygen free radical
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release, various inflammatory mediators, and factor secre-
tion, eventually leads to lung dysfunction, which is character-
ized by an increase in pulmonary vascular permeability,
pulmonary edema, elevated pulmonary vascular resistance,
and leukocyte infiltration [16]. In addition, OLV is accompa-
nied by a large increase in plasma levels of inflammatory fac-
tors, resulting in systemic and pulmonary inflammatory
responses, which may lead to a relatively high tidal volume

and airway pressure and to overexpansion and collapse of
the alveoli [17, 18]. Compared with the traditional tech-
niques, totally thoracoscopic cardiac surgery requires more
time for CPB and OLV [19], which may lead to an increase
in the risk of lung injury. Moreover, owing to pulmonary
ischemia-reperfusion and swelling mechanical injury, 8.0%
of patients undergoing totally thoracoscopic cardiac surgery
develop unilateral pulmonary edema after the operation

Table 1: Demographic characteristics of participants in the two groups.

Con group (n = 28) DEX group (n = 29) P value

Age (y) 49:89 ± 13:89 48:04 ± 14:40 0.625

Sex (male/female) 16/12 18/11 0.705

Body mass index (kg/m2) 22:10 ± 3:02 22:40 ± 3:40 0.722

NYHA classification, n (%) 0.669

II 26 (92.9) 26 (89.7)

III 2 (7.7) 3 (10.3)

LVEF (%) 63:89 ± 6:31 62:28 ± 4:97 0.286

PASP (mmHg) 39:39 ± 14:11 34:31 ± 11:96 0.148

Duration of CPB (min) 135:86 ± 33:75 134:71 ± 25:97 0.888

Aortic cross-clamping (min) 92:46 ± 27:53 85:32 ± 19:14 0.265

Operation type, n (%) 0.760

MVR 4 (14.3) 5 (82.8)

MVP 24 (85.7) 24 (17.2)

Comorbidities, n (%)

Grade 3 hypertension 2 (7.7) 3 (10.3) 0.669

Diabetes mellitus 2 (7.1) 1 (3.4) 0.532

Atrial fibrillation 7 (25.0) 5 (17.2) 0.473

Quantitative data are presented as means ± standard deviations or numbers (percentages). NYHA: New York Heart Association; PASP: pulmonary artery
systolic pressure; LVEF: left ventricular ejection fraction; MVR: mitral valve replacement; MVP: mitral valvuloplasty.

A total of 72 cases were included in the study

Randomized control grouping method

Control group (n = 31)

Exclude (n = 3) Exclude (n = 2)

DEX group (n = 29)Control group (n = 28)

DEX group (n = 31)

Exclude (𝜂 = 10)
Coronary artery three ressel diease (4)
Hemiplegia caused by cerebral infarction (2)
PA > 80 mmHg (2)
Secondary valve surgery (2)

(i)
(ii)

(iii)
(iv)

Re-CPB (1)
Difficult to stop CPB (1)
Time of CPB > 180 min (1)

(i)
(ii)

(iii)
 

Postoperative thoracotomy
for hemostasis (1)

(i)

Time of CPB > 180 min (1)(ii)

Figure 2: Flow chart of patient selection. In total, 76 patients were enrolled, of whom 16 dropped out of the study after randomization
(shorter CPB than planned in 6 patients, surgical complications of thoracotomy and secondary chest closure in 5, irregular randomization
in 1, heavily calcified large blood vessels that made cannulation impossible for CPB in 1, and loss of follow-up in 3).
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Table 2: Perioperative blood biochemistry results of the patients in the two groups.

Con group (n = 28) DEX group (n = 29) P value

Hemoglobin (g/L)

Preoperative 12:48 ± 1:42 12:62 ± 1:53 0.725

Postoperative 11:11 ± 1:47 10:81 ± 1:38 0.425

Aspartate aminotransferase (U/L)

Preoperative 27:44 ± 9:17 25:57 ± 7:09 0.392

Postoperative 88:43 ± 21:86 82:19 ± 23:21 0.302

Alanine aminotransferase (U/L)

Preoperative 22:68 ± 11:36 20:50 ± 10:14 0.266

Postoperative 34:01 ± 12:70 30:39 ± 11:57 0.392

Urea nitrogen (mmol/L)

Preoperative 5:54 ± 1:71 5:38 ± 1:29 0.623

Postoperative 7:57 ± 2:63 7:15 ± 2:45 0.536

Creatinine (μmol/L)

Preoperative 71:36 ± 20:68 71:03 ± 18:92 0.951

Postoperative 92:07 ± 25:37 81:66 ± 19:75 0.089

Platelet (109/L)

Preoperative 189:46 ± 36:40 194:38 ± 38:39 0.622

Postoperative 153:25 ± 43:10 151:17 ± 41:58 0.854

APTT (sec)

Preoperative 31:36 ± 3:96 31:83 ± 3:94 0.659

Postoperative 42:49 ± 12:07 42:98 ± 6:99 0.852

PT (sec)

Preoperative 14:89 ± 4:99 15:43 ± 4:96 0.679

Postoperative 14:29 ± 2:68 13:70 ± 2:32 0.376

WBC (109/L)

Preoperative 5:45 ± 1:12 5:38 ± 0:94 0.789

Postoperative 16:69 ± 5:71 13:93 ± 3:50 0.031

Neutrophil (109/L)

Preoperative 3:64 ± 0:79 3:48 ± 1:03 0.506

Postoperative 14:26 ± 5:31 11:46 ± 3:42 0.021

Procalcitonin (ng/mL)

Postoperative 7:55 ± 6:82 3:14 ± 2:27 0.020

Quantitative data are presented as means ± standard deviations. WBC: white blood cell; APTT: activated partial thromboplastin time; PT: prothrombin time.

Table 3: Postoperative vasoactive-inotropic score (VIS) and left ventricular ejection fraction (LVEF) of the patients in the two groups.

Con group
(n = 28)

DEX group
(n = 29) P value

VIS (μg/kg/min)

Postoperative 2 h 6:18 ± 3:57 4:88 ± :3:28 0.158

Postoperative 6 h 5:20 ± 3:24 3:34 ± 1:20 0.006

LVEF (%)

Postoperative 24 h 58:18 ± 5:81 57:00 ± 5:10 0.419

Quantitative data are presented as means ± standard deviations. VIS: vasoactive‐inotropic drug score = dopamine ðμg/kg/minÞ ∗ 1 + dobutamine ðμg/kg/minÞ
∗ 1 + milrinone ðμg/kg/minÞ ∗ 10 + adrenaline ðμg/kg/minÞ ∗ 100 + norepinephrine ðμg/kg/minÞ ∗ 100 + pituitrin ðunits/kg/minÞ ∗ 1000; h: hour.
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and have a higher risk of death [20, 21]. Therefore, lung
protection is of great importance to the prognosis of totally
thoracoscopic cardiac surgery.

A number of inflammatory factors are involved in the
damage to the lungs and other important organs after CPB
[22, 23]. Evidence shows that neutrophils are closely related
to the degree of lung injury and the levels of inflammatory fac-
tors [24]. IL-6 has proinflammatory effects on various cells
during the acute inflammatory response. It can induce

multiple-organ involvement,mainly including the respiratory
system and central nervous systems [25]. TNF-α is considered
an early inflammatory responder and can increase the perme-
ability of microcirculatory vessels and affect the RI of patients
after CPB and is closely related tomultiple-organ dysfunction
after CPB [26]. Plasma ICAM-1 is considered a key molecule
in mediating the inflammatory process and plays an impor-
tant role in all phases of an inflammatory reaction. In the
inflammatory microenvironment, ICAM-1 can be activated
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Figure 3: Changes in the perioperative serum levels of inflammatory factors. (a) Serum IL-6 level. (b) Serum TNF-α level. (c) Serum ICAM-1
level. ∗A higher level with a P value of <0.05 for a within-group comparison at the time point T1. #A higher level with a P value of <0.05 in
comparison with the Con group at the same time point.

(a) (b) (c) (d)

Figure 4: Digital radiography. Representative digital radiograph of a patient in the Con group taken (a) before surgery and (b) 1 d after
surgery. Representative digital radiograph of a patient in the DEX group taken (c) before surgery and (d) 1 d after surgery.
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in various cells. ICAM-1 binds to lymphocyte function-
related antigen 1, the macrophage-1 molecule, and CD43 on
the leukocyte surface, promoting the adhesion of the leuko-
cyte to vascular endothelial cells, with an increased expression
as the degree of lung injury increases [27]. In vivo and in vitro
studies have revealed that CPB causes the cascade release of
TNF-α, IL-6, IL-8, IL-10, and other proinflammatory and
anti-inflammatory mediators and promotes the generation
of PCT, which more sensitively reflects the severity of the
inflammatory response in the early postoperative stage [28].
The risk of various postoperative complications such as car-
diopulmonary insufficiency and SIRS increases in patients
after coronary bypass or valve replacement cardiac surgery
when the PCT concentration exceeds the threshold of
2 ng/mL after surgery [29]. Therefore, IL-6, TNF-α, and
ICAM-1 were used as inflammatory indicators in this study.
PCT can reflect the response state of intraoperative inflamma-
tion in patients and is a good indicator of postoperative infec-
tions. After thoracoscopic cardiac surgery, when the patient is
still under anesthesia, a blood gas analysis can objectively
reflect the patient’s ventilation and ventilatory function, as it
is not affected by the environment and patient’s cooperation.
The RI refers to the ratio of the difference in alveolar-arterial
oxygen tension to the partial pressure of arterial oxygen,
whichmeans that an increase inRI indicates a decrease in lung
dispersion and ventilation. A decrease in OI, which indicates
pulmonary ventilatory function, indicates a decrease in
pulmonary oxygenation function [30]. In the present study,
the levels of IL-6, TNF-α, and ICAM-1 significantly increased
at T2 and T3, accompanied by higher RI and lower OI than
those before the operation, indicating that the inflammation

after thoracoscopic cardiac surgery is noticeably enhanced
and pulmonary function was impaired.

Preventing and reducing inflammation during thoraco-
scopic heart surgery are important methods for preserving
lung function. The development of strategies to optimize the
anesthesia scheme so as to reduce perioperative traumatic
stress experienced by patients, reduce the production of
inflammatory mediators, further improve the pulmonary
function of patients, and promote the rapid recovery of
patients is an important topic for anesthesiologists. DEX
selectively activates theα2 adrenaline receptors to reduce sym-
pathetic tone and indirectly improves vagal tone, thereby
activating the cholinergic anti-inflammatory pathway and
reducing the systemic inflammatory response [31]. In addi-
tion, DEX can inhibit the production of inflammatory factors
such as TNF-α and IL-6 duringCPB [32], alleviate the infiltra-
tion of inflammatory cells into the alveolar cavity, and reduce
the levels of TNF-α and IL-1 levels in plasma and alveolarfluid
by inhibiting the activation of NF-κB, finally reducing the
inflammatory response of rat lung tissues and playing a role
in lung protection in rats with lung injury [33]. In the present
study, we found that neutrophil counts and the levels of IL-6,
TNF-α, and ICAM-1 after surgery were lower in the DEX
group than in the Con group. The PCT concentration was
higher in the Con group than in the DEX group. Pulmonary
exudation was reduced in the DEX group based on the basis
of radiography, and pulmonary function had improved in
the DEX group, as evidenced by the increase in the OI and
decrease in the RI at T2 to T4 as comparedwith T1.Moreover,
the duration of mechanical ventilation in the Con group was
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Figure 5: Changes in perioperative pulmonary function in both groups. (a) Arterial oxygenation index. (b) Respiratory index based on the
assessment of arterial blood. ∗A higher level with a P value of <0.05 for a within-group comparison at the time point T1. #A higher level with a
P value of <0.05 in comparison with the Con group at the same time point.

Table 4: Postoperative duration of extubation and ICU stay in the two groups.

Con group (n = 28) DEX group (n = 29) P value

Duration of extubation (h) 8:782 ± 7:18 5:310 ± 4:37 0.031

Duration of ICU stay (h) 59:89 ± 37:74 49:41 ± 24:01 0.220

Pulmonary infection rate, n (%) 8 (28.5) 4 (13.8) 0.171

Quantitative data are presented as means ± standard deviations or numbers (percentages). ICU: intensive care unit.
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3.4 h longer than that in the DEX. These results suggest that
DEX can reduce postoperative exudation and protect lung
function, whichmay be related to a reduction in inflammatory
factors. However, no significant difference was found between
the groups in terms of postoperative ICU time and pulmonary
infection rate. Therefore, whether increasing the dose of DEX
or whether extending the duration of its action affects postop-
erative ICU time and pulmonary infection rates must be
further verified.

In summary, the clinical use of dexmedetomidine is safe
and feasible and has a certain value in improving pulmonary
function after totally video-assisted thoracoscopic mitral
valve surgery under CPB combined with OLV, further
improving the effect of minimally invasive cardiac surgery.
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Background. The heart is one of the most commonly affected organs during sepsis. Mitsugumin-53 (MG53) has attracted attention
in research due to its cardioprotective function. However, the role of MG53 in sepsis-induced myocardial dysfunction (SIMD)
remains unknown. The purpose of this study was to explore the underlying mechanism of MG53 in SIMD and investigate its
potential relationship with peroxisome proliferator-activated receptor-α (PPARα). Methods. The cecal ligation and puncture
(CLP) model was created to induce SIMD in rats. Protein levels of MG53 and PPARα, cardiac function, cardiomyocyte injury,
myocardial oxidative stress and inflammatory indicators, and cardiomyocyte apoptosis were measured at 18 h after CLP. The
effects of MG53 on PPARα in SIMD were investigated via preconditioning recombinant human MG53 (rhMG53) and PPARα
antagonist GW6471. Results. The expression of MG53 and PPARα sharply decreased in the myocardium at 18 h after CLP.
Compared with the sham group, cardiac function was significantly depressed, which was associated with the destructed
myocardium, upregulated oxidative stress indicators and proinflammatory cytokines, and excessive cardiomyocyte apoptosis in
the CLP group. Supplementation with rhMG53 enhanced myocardial MG53, increased the survival rate with improved cardiac
function, and reduced oxidative stress, inflammation, and myocardial apoptosis, which were associated with PPARα
upregulation. Pretreatment with GW6471 abolished the abovementioned protective effects induced by MG53. Conclusions. Both
MG53 and PPARα were downregulated after sepsis shock. MG53 supplement protects the heart against SIMD by upregulating
PPARα expression. Our results provide a new treatment strategy for SIMD.

1. Introduction

Sepsis is a life-threatening organ dysfunction caused by the
uncontrolled response of a host’s anti-infective immunity
[1]. According to the US Centers for Disease Control’s
(CDC) estimation in 2019, sepsis contributes to the death
of approximately 270,000 Americans annually [2], and this
figure is at least 6 million per year globally [1]. Evans [3]
simplified this complex pathophysiological process into four

main features: endothelial dysfunction, coagulopathy,
cellular dysfunction, and cardiovascular dysfunction. This
demonstrates that the cardiovascular system acts as a pivotal
area in the pathogenesis of sepsis, and the heart is the most
vulnerable organ. Approximately 40~60% of patients with
sepsis exhibit signs of myocardial dysfunction, and mortality
rates are remarkably increased in these patients compared to
those without myocardial dysfunction (70% vs. 20%) [4].
Sepsis-induced myocardial dysfunction (SIMD) is defined
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as the intrinsic myocardial systolic and diastolic dysfunction of
both the left and right sides of the heart, induced by sepsis [5].

It is generally accepted that SIMD is a result of the inter-
action of uncontrolled inflammation, autonomic malfunc-
tion, intracellular Ca2+ transporter dysfunction, energetic
starvation, mitochondrial dysfunction, oxidant/antioxidant
imbalance, and excessive cardiomyocyte apoptosis [6]. The
pathophysiologic process of SIMD is complicated; thus, there
is no expert consensus guideline for its diagnosis and treat-
ment at present [4]. Although the Surviving Sepsis Campaign
(SSC) guidelines [7, 8] propose a therapeutic schedule for
sepsis and its complications, mortality remains high [9].
Currently, SIMD therapies are restricted to symptomatic
support, such as anti-infection, fluid resuscitation, and
oxygen delivery amelioration [7, 8]. Attempts to develop
molecular-targeted therapy have failed clinically [10]. There-
fore, the personalized treatment of SIMD is still lacking.

Mitsugumin-53 (MG53) is a member of the muscle-
specific tripartite motif (TRIM) family that plays an essential
role in plasma membrane damage repair [11]. It is rapidly
recruited when cell membranes are attacked, following which
it facilitates the movement of membrane-repair vesicles
toward the damage site and binds exposed phosphatidylser-
ine at the damaged lipid bilayer [12]. Pathogenic factors, such
as Ca2+ influx and oxidant entry into the cytoplasm, are
prevented when membrane disruption is ended. Both
in vivo and in vitro, MG53 has demonstrated a protective
effect against membrane disruption associated with muscular
dystrophy [13], acute kidney [14] and lung [15] injury, ische-
mic [16] and traumatic [17] brain injury, and myocardial
infarction (MI) [18]. We found that MG53 is anchored by
dysferlin, which reduces oxidative stress and hepatocyte apo-
ptosis in a hepatic ischemic/reperfusion injury (HIRI) model
[19]. MG53 interacts with p85 and caveolin 3 (CaV3) and
activates the prosurvival reperfusion injury salvage kinase
(RISK) pathway (PI3K/Akt/GSK-3β cascade and ERK1/2
pathway) in cardiac ischemic preconditioning (IPC) or post-
conditioning (IPO) [20, 21]. Genetic deletion of MG53
results in damage to cell membrane integrity and impaired
myocardial regeneration [20–22].

However, Liu et al. [23], using transgenic mice, showed
that the cardiac-specific upregulation of MG53 induced
diabetic cardiomyopathy (DCM) via transcriptional activation
of peroxisome proliferator-activated receptor-α (PPARα).
Interestingly, PPARα has been proven to support heart func-
tion during SIMD [24]. However, the relationship between
MG53 and PPARα in SIMD is an enigma. Therefore, we
designed the current study to investigate the role of MG53
on SIMD and the underlying mechanisms of action.

2. Materials and Methods

2.1. Animals and Operative Procedure. This study was
approved by the Animal Care Committee, Sun Yat-Sen
University, China. In total, 172 adult Sprague-Dawley rats
(240~270g) were purchased from the Laboratory Animal
Center of Sun Yat-Sen University and housed in individual
cages in the specific pathogen-free (SPF) experimental room
for acclimatization one week before the study. Rats were given

ad libitum access to a standard diet and water under a
controlled temperature (21~23°C), humidity (20~30%), and
alternating light cycle (12h light/dark) environment. Food
was removed 8h before the study, but free access to water
remained. All the experimental procedures were strictly
performed in accordance with the Guide for the Care and
Use of Laboratory Animals (1996). All possible efforts were
made to minimize the number of animals used and their
suffering. Cecal ligation and puncture (CLP) operation was
performed as described in previous studies [25]. Rats were
positioned on a homoeothermic heating pad to maintain a
rectal temperature at 37 ± 1°C and inhaled a gas mixture con-
taining 3% isoflurane and 40% oxygen for general anesthesia
during the surgery. A midline laparotomy (approximately
3 cm long incision) was performed on the anterior abdomen
after disinfection with 10% povidone iodine. The cecum was
exposed and ligated by a 3-0 silk suture just below the ileocecal
valve to maintain bowel continuity. The cecum was punctured
twice with an 18-gauge needle, and a small amount of bowel
content was expelled from the punctures by manual applica-
tion of sufficient pressure. Then, the cecum was returned to
the peritoneal cavity, and the abdominal incision was closed
with 4-0 silk suture in two layers. At the end of surgery, each
rat received a subcutaneous injection of physiological saline
solution (5ml/kg), then returned to ambient air. For the
sham-operated animals, the cecum was mobilized but neither
ligated nor punctured.

2.2. Experimental Protocol and Drug Administration. As the
schematic diagram is shown in Figure 1, two experiments
were performed. In experiment 1, a total of 80 rats were
randomly assigned to receive sham or CLP operation. At
3 h, 6 h, 12 h, 18 h, and 24h after the operation, the myocar-
dial tissues from the left ventricle (LV) were collected to
measure the expression trend of MG53 and PPARα by
western blotting (n = 8).

In experiment 2, a total of 32 rats were randomly
allocated to four groups (n = 8), consisting of a sham group,
CLP group, CLP+recombinant human MG53 (rhMG53)
group, and CLP+rhMG53+GW6471 group. Animals
received a sham operation in the sham group and CLP
operation in the other three groups. rhMG53 protein was
administered (5mg/kg, i.v.) in the CLP+rhMG53 and CLP
+rhMG53+GW6471 groups 120min before CLP surgery
[16] while the sham and CLP groups were administered
isopycnic vehicle (0.9% sterile saline). Rats in the CLP
+rhMG53+GW6471 group also received 1mg/kg/day i.p.
GW6471 (Sigma, St. Louis, MO, USA), a PPARα antagonist,
for 10 consecutive days before surgery [26]. The preparation,
separation, and purification of rhMG53 protein have been
described in our previous study [19].

2.3. Cardiac Function Evaluation. Then, 18h after the opera-
tion, a hypodynamic stage of sepsis [27], the cardiac function
of rats was assayed. After anesthesia by 3% isoflurane inhala-
tion, the LVs were intubated via the right common carotid
artery by a catheter filled with heparin saline (500U/ml) to
measure mean arterial blood pressure (MABP) and LV pres-
sure. Left ventricular systolic pressure (LVSP), left ventricular
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end-diastolic pressure (LVEDP), and maximum rise/fall rate
of LV pressure (±dp/dtmax) were recorded by the PowerLab
Data Acquisition and Analysis System (ADInstruments,
Australia).

2.4. Sample Collection. In experiment 1, the LVs were snap-
frozen in liquid nitrogen, then stored at -80°C for western
blotting at 3 h, 6 h, 12 h, 18 h, and 24h after the CLP.

In experiment 2, immediately after cardiac function
evaluation, the common carotid artery was punctured by a
disposable needle for blood collection (5ml). Blood samples
were layered at room temperature (26°C) and centrifuged at
4°C 3000 × rpm for 10min to collect the serum for subse-
quent detections. Then, the rats were euthanized by excessive
anesthesia administration. Myocardial tissues from the lower
third apex of the LV were selected. One-third of these tissues
was postfixed by 10% paraformaldehyde at 4°C for 48h,
paraffin-embedded, and sectioned to a thickness of 5μm.
Another third was collected for H-FABP and oxidative stress
biomarker detection. The final third was snap-frozen in
liquid nitrogen, then stored at -80°C for western blotting.

2.5. Hematoxylin and Eosin (H&E) Staining. Sections were
stained using a H&E Staining Kit (Abcam, Cambridge, MA,
USA), according to the manufacturer’s instructions. Morpho-
logical changes were evaluated by light microscopy (Nikon
Corporation, Japan) at 200x magnification.

2.6. Myocardial Injury Marker Detection in Serum. An
enzyme-linked immunosorbent assay (ELISA) was performed
to measure the levels of cardiac troponin I (cTnI) (Abcam,

Cambridge, UK) and creatine kinase isoenzyme MB (CK-
MB) (MyBioSource, Inc., San Diego, CA, USA) in serum.
The lactate dehydrogenase (LDH) activity in serum was
determined by chemical colorimetry using an LDH Cytotox-
icity Assay Kit (Cayman Chemical Company, Ann Arbor,
Michigan, USA).

2.7. Myocardial Heart-Type Fatty Acid Binding Protein (H-
FABP) Detection. Myocardial tissues (approximately 0.2 g)
were cut with ophthalmic scissors, dissolved in 4x RIPA lysate,
and homogenized using an electric homogenizer to obtain the
supernatant. Quantitative analysis of H-FABP levels was per-
formed using an ELISA kit (MyBioSource, Inc., San Diego,
CA, USA) with a sensitivity of 45~1200pg/ml.

2.8. Detection of Superoxide Production in Heart Tissues.
Fresh LVs were embedded in Tissue-Tek® O.C.T. Com-
pound (VWR, Atlanta, GA, USA) and sectioned (5μm) onto
slides for fluorescent staining with dihydroethidium (DHE,
10μM; Beyotime, China). Images of LVs were immediately
acquired and assessed at 400x using Image-Pro Plus software
(Version 6.0, Media Cybernetics, USA) linked to a Ti-S
inverted fluorescence microscope (Nikon, Japan). DHE fluo-
rescent intensity was quantified as folds of the sham group.

2.9. Assay of Oxidative Stress Biomarkers in Myocardium.
LVs were homogenized and centrifuged to determine the
concentrations of the antioxidative and oxidative indicators.
The level of superoxide dismutase (SOD) was determined via
a colorimetric method using a SOD assay kit with WST-1
(BioVision, Inc., Milpitas, California, USA). The
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Figure 1: Protocol for experiments. CLP= cecal ligation and puncture; rhMG53= recombinant human MG53.
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concentration of glutathione (GSH) was detected via the
DTNB colorimetric method using the detection kit (Geno
Technology, Inc., MO, USA). The level of malondialdehyde
(MDA) was detected via the thiobarbituric acid colorimetric
method using a Lipid Peroxidation (MDA) Assay Kit (Abcam,
Cambridge, MA, USA). The activity of free 15-F2t-isoprostane
was measured using a 15-Isoprostane F2t ELISA Kit (Neogen
Co., Lexington, KY, USA). All procedures were conducted in
strict accordance with the manufacturer’s instructions. All
samples were measured in triplicate, and the results were
averaged.

2.10. Masson’s Trichrome Staining. Slides were stained with
Masson’s trichrome stain (Masson) kit (Sigma-Aldrich, Saint
Louis, MO, USA), as per the manufacturer’s instructions.
Figures were captured at 400x magnification with a light
microscope (Nikon, Tokyo, Japan) and analyzed with
Image-Pro Plus software (Version 6.0, Media Cybernetics,
USA) for semiquantitative analysis by two persons blinded
to the experimental design. Five different fields for each sec-
tion were randomly selected for analysis, and the average
value was taken as the final value for the samples.

2.11. Cytokine Measurement by ELISA. Inflammatory
cytokines, interleukin-1β (IL-β), IL-6, and tumor necrosis
factor-α (TNF-α) in serum were measured using ELISA kits,
according to the manufacturer’s instructions (R&D Systems
Inc., Minneapolis, USA). The concentrations of the cytokines
were quantified by referring to standard curves.

2.12. TdT-Mediated dUTP Nick-End Labeling (TUNEL) for
DNA Fragmentation. Extensive DNA degradation is the
signature of the late stage of apoptosis. TUNEL staining
(horseradish peroxidase method) was conducted to detect
apoptotic myocardial cells. All procedures were conducted
in strict accordance with the manufacturer’s instructions of
the TACS® TdT In Situ Apoptosis Detection Kit-DAB
(R&D Systems Inc., Minneapolis, USA). Figures were imme-
diately acquired at 400x magnification by a light microscope
(Nikon, Tokyo, Japan). The proportion of TUNEL-positive
cells was counted using Image-Pro Plus software (Version
6.0, Media Cybernetics, USA) by two persons blinded to the
experimental design. Five different fields of each section were
randomly selected for analysis, and the average value was
taken as the final value of the sample.

2.13. Western Blot Analysis.Myocardial tissues were homog-
enized, and protein concentrations were determined using
the BCA protein assay (Bio-Rad, Hemel Hempstead, Herts,
UK). In total, 60μg of each sample was subjected to western
blotting using the following primary antibodies incubated
overnight at 4°C: anti-MG53 at 1 : 1000 dilution, anti-PPARα
at 1 : 2000 dilution, anti-cyclooxygenase-2 (COX-2) at
1 : 2000 dilution, anti-caspase-3 (proform and the p17
cleaved form) (#9662, Cell Signaling Technology, Danvers,
MA, USA) at 1 : 1500 dilution, anti-Bax at 1 : 1000 dilution,
anti-Bcl-2 at 1 : 1000 dilution, and anti-β-actin at 1 : 2000
dilution. The secondary antibodies were goat-anti-rabbit
IgG at 1 : 5000 dilution. All antibodies except anti-caspase-3
were purchased from Abcam Inc., Cambridge, MA, USA.

Immunoreactive proteins were visualized using the ECL
Western Blot System (Pierce Biotechnology, Rockford, IL,
USA) and detected by a Tanon 5500 imaging system (Tanon,
Shanghai). Images were analyzed using ImageQuant TL soft-
ware v2003.03 (GE Healthcare, Milwaukee, WI, USA). The
band density of the target proteins was normalized to those
of the corresponding β-actin and expressed as fractions of
the control sample from the same gels.

2.14. Survival Analysis. Rats (n = 15) under the same treat-
ments in experiment 2 (Figure 1) were used to evaluate the
survival rate. Animals in each group were kept under SPF
conditions and monitored via video. All rats had free access
to food and water. From the onset of operations, animals
were monitored via a video camera. The survivors were
transferred to their individual cages and had free access to
food and water. The survival rate was evaluated within 72 h.

2.15. Statistical Analysis. The data were expressed as mean
± standard deviation (SD) and analyzed by one-way ANOVA
after a homogeneity test for variance, followed by Tukey’s test.
Statistical analyses were conducted using GraphPad Prism 8.0
software, and P < 0:05 in two-tailed testing was considered
statistically significant.

3. Results

3.1. Myocardial MG53 and PPARα Decreased in SIMD Rats:
Supplementation of MG53 Improved PPARα Expression.
MG53 is abundantly expressed in rodent cardiac muscle
tissues under normal circumstances [28]. However, the
expression of MG53 and PPARα in SIMD is unknown.

As shown in Figures 2(a)–2(c), we identified a decreasing
trend of MG53 and PPARα in rat myocardial tissue after
CLP surgery via western blotting. The protein levels of MG53
and PPARα reached to the lowest point at 18h after CLP (both
P < 0:05 vs. sham group) and improved slightly at 24h after
CLP (both P < 0:05 vs. sham group). So, we chose the point-
in-time, 18h after CLP, to investigate the relationship between
MG53 and PPARα in SIMD. Then, we supplemented myocar-
dial MG53 via intravenous injection of rhMG53 and selected
the GW6471 precondition group as a control. MG53 adminis-
tration significantly increased myocardial PPARα protein
levels (P < 0:01 vs. CLP group) in SIMD rats. These results
suggest that MG53 may be effective in enhancing PPARα
expression in the myocardium of septic rats.

3.2. MG53 Improved the Cardiac Function and Survival Rate
in SIMD Rats, Which Was Exacerbated by GW6471. SIMD is
characterized by cardiovascular disturbances and high
mortality rates [29]. As shown in Figures 3(b)–3(e), rat car-
diac functions were impaired after septic shock. In the CLP
group, MABP (P < 0:01 vs. sham group), LVSP (P < 0:01 vs.
sham group), and +dp/dtmax (P < 0:05 vs. sham group)
significantly decreased while LVEDP (P < 0:05 vs. sham
group) and −dp/dsmax (P < 0:05 vs. sham group) significantly
increased, indicating a decline in myocardial systolic and
diastolic functions. MG53 relieved the cardiac function dam-
age demonstrated by the amelioration of MABP, LVSP, and
+dp/dtmax (all P < 0:05 vs. CLP group) and the reduction of
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Figure 2: Continued.
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LVEDP (P < 0:01 vs. CLP group). On the contrary, GW6471
abolished the protective effects of rhMG53, which manifested
as a deterioration of MABP (P < 0:05 vs. CLP+rhMG53
group), LVSP (P < 0:01 vs. CLP+rhMG53 group), and
+dp/dtmax (P < 0:01 vs. CLP+rhMG53 group) and increased
LVEDP and −dp/dsmax (both P < 0:01 vs. CLP+rhMG53
group). There was no significant difference in HR among
the four groups (Figure 3(a)).

As shown in Figure 3(f), the survival rate dropped by
approximately 8.3% in both the CLP and CLP+rhMG53
+GW6471 groups in 24h after septic shock and continued to
decline sharply. The mortality rates at 72h were 0%, 75.0%,
41.7%, and 66.7% in the sham, CLP, CLP+rhMG53, and
CLP+rhMG53+GW6471 groups, respectively. MG53 admin-
istration prolonged the survival time, and the first drop in
survival rate was observed at 32h after CLP, and 41.7% of rats
survived at 72h (P < 0:05 vs. CLP group). This protective
effect was reversed by GW6471, wherein the first drop in
survival rate was observed at 15h after CLP and only 33.3%
of rats survived at 72h (P < 0:05 vs. CLP+rhMG53 group).

3.3. MG53 Prevented Cardiomyocyte Injury in SIMD Rats,
Which Was Reversed by GW6471. The integrity of cardio-
myocytes was destroyed, and the myocardial injury marker
levels were elevated in serum when SIMD occurred [4]. As
shown in Figure 4(a), the clear myocardial striation and
neatly arranged cells demonstrate the normal architecture
of the myocardium in the sham group. On the contrary, the
cardiomyocytes were degenerated, myocardial fibers were
disorganized, and interstitium was edematous, congested,
and infiltrated with inflammatory cells in the CLP group.
MG53 prevented morphological deformation in SIMD rats,
which was reversed by GW6471. As shown in Figures 4(b)–
4(d), serum myocardial injury and necrosis markers, cTnI
(P < 0:01 vs. sham group), CK-MB (P < 0:01 vs. sham group),

and LDH (P < 0:05 vs. sham group), significantly increased
18 h after CLP. The MG53 supplement prevented the
changes (all P < 0:05 vs. CLP group), which were reversed
by GW6471 (P < 0:05 in cTnI and P < 0:01 in CK-MB and
LDH vs. CLP+rhMG53 group). H-FABP is a striated muscle
abundant cytoplasmic protein that is rapidly released from
cytoplasm at the very early stages of myocardial injury [30].
As shown in Figure 4(e), myocardial H-FABP was downreg-
ulated after CLP (P < 0:01 vs. sham group). MG53 improved
the levels of H-FABP in the myocardium (P < 0:05 vs. CLP
group), which were reversed by GW6471 (P < 0:05 vs. CLP
+rhMG53 group).

3.4. MG53 Attenuated Myocardial Oxidative Stress in SIMD
Rats, Which Was Abolished by GW6471. As shown in
Figures 5(a)–5(f), myocardial antioxidative indicators, SOD
activity (P < 0:01 vs. sham group), and GSH levels (P < 0:05
vs. sham group) significantly decreased accompanied by
increased oxidative indicators, DHE fluorescent intensity
(P < 0:01 vs. sham group), MDA (P < 0:01 vs. sham group),
and 15-F2t-isoprostane (P < 0:01 vs. sham group), 18 h after
CLP. These changes were attenuated by MG53 administra-
tion (P < 0:05 in SOD, GSH, DHE fluorescent intensity, and
15-F2t-isoprostane vs. CLP group) and aggravated by
GW6471 (all P < 0:05 vs. CLP+rhMG53 group).

3.5. MG53 Alleviated Myocardial Inflammation in SIMD
Rats, Which Was Exacerbated by GW6471. SIMD presents
inflammatory cardiomyopathy manifesting as subendocar-
dial collagen deposition, myocardial hypertrophy, and fibro-
sis [31]. Several cytokines, such as IL-1, IL-6, and TNF-α,
have been considered myocardium-depressing factors [4].
As shown in Figures 6(a) and 6(b), collagen volume signifi-
cantly increased 18 h after CLP (P < 0:01 vs. sham group)
and was reduced by MG53 (P < 0:05 vs. CLP group).
GW6471 reversed the effect of MG53 demonstrated by
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Figure 2: Myocardial MG53 and PPARα decreased in SIMD rats. Supplementation of MG53 improved PPARα expression. (a) Representative
western blot bands of MG53 and PPARα at 3 h, 6 h, 12 h, 18 h, and 24 h after CLP in experiment 1. Densitometric analysis of the (b) MG53
and (c) PPARα protein levels in experiment 1. (d) Representative western blot bands of MG53 and PPARα at 18 h after CLP in experiment 2.
Densitometric analysis of the (e) MG53 and (f) PPARα protein levels in experiment 2. Data are presented as mean ± SD, n = 8. ∗P < 0:05,
∗∗P < 0:01, and ∗∗∗P < 0:001. CLP= cecal ligation and puncture; rhMG53 = recombinant human MG53.
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profoundly increased cardiac collagen volume (P < 0:05 vs.
CLP+rhMG53 group). As shown in Figures 6(c)–6(g), serum
proinflammatory cytokines IL-1β (P < 0:01 vs. sham group),
IL-6 (P < 0:05 vs. sham group), and TNF-α (P < 0:05 vs. sham
group) and myocardial COX-2 protein levels (P < 0:01 vs.

sham group) significantly increased 18h after CLP. This
change in inflammatory biomarkers was attenuated by
MG53 (P < 0:05 in IL-1β, TNF-α, and COX-2 vs. CLP group)
and aggravated by GW6471 (P < 0:01 in IL-1β, P < 0:05 in IL-
6, TNF-α, and COX-2 vs. CLP+rhMG53 group).
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Figure 3: MG53 improved cardiac function and survival rate in SIMD rats, which was exacerbated by GW6471. Cardiac function indexes
were demonstrated by (a) heart rate (HR), (b) mean arterial blood pressure (MABP), (c) left ventricular systolic pressure (LVSP), (d) left
ventricular end-diastolic pressure (LVEDP), and (e) maximum rate of rise/fall of left ventricle pressure (±dp/dtmax) in four groups. (f)
Survival analysis. Data are presented as mean ± SD, n = 8 in cardiac function evaluation, n = 15 in survival rate evaluation. ∗P < 0:05, ∗∗P
< 0:01, and ∗∗∗P < 0:001. CLP= cecal ligation and puncture; rhMG53= recombinant human mitsugumin-53.
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Figure 4: MG53 prevented cardiomyocyte injury in SIMD rats, which was reversed by GW6471. Myocardium architecture was visualized by
(a) H&E staining (200x magnification, scale bar = 100 μm). Myocardial injury was detected through serum levels of (b) cardiac troponin I
(cTnI), (c) creatine kinase isoenzyme MB (CK-MB), (d) lactate dehydrogenase (LDH), and (e) heart-type fatty acid-binding protein (H-
FABP) by the ELISA method. Data are presented as mean ± SD, n = 8. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. CLP = cecal ligation and
puncture; rhMG53= recombinant human mitsugumin-53.
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Figure 5: MG53 attenuated myocardial oxidative stress in SIMD rats, which was abolished by GW6471. Oxidative stress injury was detected
through (a) representative DHE stained images depicting in situ superoxide production (red, 400x magnification, scale bar = 50μm), (b)
quantification of DHE-signal intensity (folds of the sham group), (c) superoxide dismutase (SOD), (d) malondialdehyde (MDA), (e)
glutathione (GSH) activity, and (f) free 15-F2t-isoprostane levels in the myocardium via an ELISA. Data are presented as mean ± SD, n =
8. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. CLP= cecal ligation and puncture; rhMG53= recombinant human mitsugumin-53.
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3.6. MG53 Prevented Cardiomyocyte Apoptosis in SIMD Rats,
Which Was Abolished by GW6471. It is generally accepted
that abundant inflammatory mediators and excessive oxida-
tive stress are crucial in caspase-3 activation and cardiomyo-
cyte apoptosis, which contributes to SIMD [6]. As shown in
Figures 7(a) and 7(b), the percentage of myocardial
TUNEL-positive cells (stained brown) significantly increased
18 h after CLP (P < 0:01 vs. sham group), which was signifi-
cantly reduced by MG53 (P < 0:01 vs. CLP group) and
augmented by GW6471 (P < 0:05 vs. CLP+rhMG53 group).
As shown in Figures 7(c)–7(e), the expression of apoptosis-
related proteins in the myocardium, the cleaved-caspase-3
to pro-caspase-3 and Bax to Bcl-2 ratio (both P < 0:01 vs.
sham group), sharply increased in SIMD rats and was pre-
vented by MG53 (both P < 0:05 vs. CLP group) and reversed
by GW6471 (both P < 0:05 vs. CLP+rhMG53 group).

4. Discussion

Sepsis is the leading cause of death among inpatients and is
responsible for rising mortality and hospitalization rates
worldwide every year [32]. It often leads to life-threatening
multiple organ dysfunction, and the heart is one of the most
commonly affected organs [1]. SIMD is recognized as a major
contributor to the prognosis of septic shock [33]. Previous
studies [18–22, 34, 35] have demonstrated that MG53 is
beneficial for treating cardiac diseases; however, studies
primarily focusing on the effect of MG53 in SIMD are still
relatively rare. In the present study, we established a SIMD
model of rats and found a downregulation of endogenous
MG53 and PPARα, which was increased by exogenous
rhMG53 in the myocardium 18h after CLP. We further
demonstrated that the supplementation of MG53 reduced
myocardial oxidative stress and inflammatory injury and
attenuated cardiomyocyte damage and apoptosis, which
eventually improved cardiac function and survival rate in
SIMD rats. To further clarify the protective mechanism of
MG53, GW6471 (a PPARα antagonist) was preprocessed.
Our results suggest that the upregulation of PPARα protein
levels may be a possible mechanism for MG53 conferred
myocardial protection in SIMD.

MG53 (also known as TRIM72) is a skeletal and cardiac
muscle-specific TRIM-family protein that facilitates plasma
membrane repair [12]. We previously reported that MG53
alleviated HIRI-induced oxidative stress and hepatocyte
apoptosis by being anchored by dysferlin [19].MG53mediates
cardiac cell membrane damage induced by MI [18], ischemia-
reperfusion injury, [19, 20], or aortic valve disease [22]. It
interacts with p85 and CaV3 and activates the prosurvival
RISK pathway both in cardiac IPC and IPO [20, 21]. MG53
recently exhibited an anti-inflammatory function in cardiac
hypertrophy by inhibiting the nuclear transfer of p65 and β-
catenin, thereby downregulating their downstream target
genes, including ANP, BNP, and β-MHC [22, 35]. Insufficient
expression of MG53 plays a critical role in a range of myocar-
dial pathological processes [18–22, 34, 35], and systemic
delivery of exogenous recombinant MG53 protein ameliorates
cardiomyocyte injury [18, 21, 35]. However, there have been
few studies regarding MG53 on SIMD. Herein, we established

a SIMD model and confirmed that the endogenous MG53
levels were insufficient after CLP. rhMG53 promoted the
expression of MG53. Our results were similar to those of our
previous study regarding HIRI [19] and those of Liu et al.
regarding MI [18]. Moreover, we found the PPARα protein
levels were downregulated after CLP and elevated by MG53.
It was in keeping with studies regarding DCM that MG53
overexpression led to the transcriptional upregulation of
PPARα [23]. Our findings suggest that MG53 may have an
effect by upregulating PPARα in SIMD.

SIMD is defined as the intrinsic, reversible, global impair-
ment in cardiac function induced by sepsis [5]. Decreased
systolic and diastolic myocardial contractility are the clinical
features of SIMD [33]. Troponins and CK-MB levels are
often elevated in SIMD patients or laboratory animals [36].
In the present study, the CLP group exhibited an impaired
systolic (LVSP and +dp/dtmax) and diastolic (LVEDP and
-dp/dtmax) heart function accompanied by histological
change and cTnI, CK-MB, and LDH elevation in serum.
MG53 improved sepsis-induced cardiac function impair-
ment and cardiomyocyte damage, which was abolished by
GW6471. In this study, the myocardial H-FABP levels
decreased after CLP but were increased byMG53 supplement
and suppressed by GW6471. FABPs are a class of small
cytoplasmic proteins that facilitate the transfer of fatty acids
(FAs) between extra- and intracellular membranes. H-
FABP is abundant in myocardial cells [37] and is released
from cytoplasm at almost the onset of myocardial injury
[30]. Chen and Li [38] reported that circulating H-FABP levels
may serve as biomarkers of organ dysfunction in patients with
sepsis. Fan et al. [39] identified the upregulation of serum H-
FABP in a mouse model of SIMD. Nevertheless, we chose to
detect H-FABP levels in the myocardium rather than serum.
This was partly because H-FABP levels in the serum can be
disturbed when skeletal muscles are damaged or renal clear-
ance is impaired [40]. Themost important, H-FABP selectively
cooperates with PPARα and enables it to exert biological
functions [41]. Our results further indicated that PPARα may
participate in the process of MG53 improving SIMD.

PPARα is a nuclear receptor that regulates the expression
of genes involved in FAs metabolism, lipoprotein synthesis,
and metabolism [42]. When bound with endogenous or exo-
genic lipid/lipid metabolite ligands, PPARα is activated,
which heterodimerizes with retinoid X receptor (RXR) and
binds to PPAR response elements (PPRE); the specific region
of the DNA sequence is located in the promoters of target
genes. Then, the transcription by recruiting RNA polymerase
II (RNA Pol II) or other transcription factors was initiated;
thus, PPARα regulates gene function [43]. Under normal
conditions, fatty acid oxidation (FAO) provides almost 70%
of adenosine triphosphate (ATP) for energy production in
cardiomyocytes [6]. Sepsis inhibits intracellular FAO,
reduces cardiomyocyte ATP production, and eventually
injures myocardial function [44]. It has been reported that
Ppara−/− mice cannot sustain the elevated heart function
and energy supply necessary to compensate for sepsis patho-
physiology. PPARα expression supports the hyperdynamic
cardiac response and increased FAO in SIMD [24]. However,
a sequence of studies has suggested that PPARα exerts a
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Figure 6: Continued.
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protective effect in myocardial injury, not just by improving
lipid utilization [45].

In the current study, we found that MG53 alleviated
myocardial oxidative stress and inflammation damage in
SIMD. The myocardial collagen volume stained by Masson’s
trichrome significantly increased 18h after CLP operation,
and MG53 could reduce the myocardial collagen volume.
Additionally, we discovered that the protective function of
MG53 may be connected to PPARα upregulation. GW6471
reversed the protective effects of MG53 in SIMD. Even pre-
operatively injected with rhMG53, the myocardial oxidative
indicators, the DHE fluorescent intensity, and serum
proinflammatory cytokine (IL-1β, IL-6, and TNF-α) levels
significantly increased in the GW6471 preconditioning
group. Our results were consistent with those of Lou et al.
[46], who found that PPARα exhibited antioxidant and
anti-inflammatory effects by upregulating antioxidative-
indicators and downregulating oxidative indicators and
proinflammatory cytokine expression. PPARα has also been
implicated in potent antioxidant effects by enhancing
endothelial nitric oxide synthase and the release of nitric
oxide [47]. It exhibited an anti-inflammatory effect through
the inhibition of proinflammatory signaling pathways, such
as nuclear factor-κB (NF-κB) in vascular injury [48]. The
PPARα knockout mice could not maintain appropriate
immune functions against sepsis shock [49]. Nonetheless,
how PPARα reduced SIMD-induced oxidative stress and
inflammation damage deserves further study.

It has been proven that cardiomyocyte apoptosis and
caspase-3 activation contribute to SIMD [6]. The overpro-
duction of reactive oxygen species (ROS) and inflammatory
mediators plays a critical role in this pathological process
[6]. In the current study, we found that the MG53 supple-
ment alleviated cardiomyocyte apoptosis, inhibited caspase-
3 activation, and downregulated the ratio of Bax to Bcl-2 in
SIMD. This finding was similar to those of our previous study

regarding MG53 in HIRI [19]. Intravenous injection of
rhMG53 inhibited the toll-like receptor 4 (TLR4)/NF-κB
pathway and attenuated neurocyte apoptosis in LPS-induced
neurotoxicity [50]. Furthermore, we found that GW6471
reversed the effect induced by MG53, suggesting that PPARα
may participate in the antiapoptotic effect induced by MG53
in SIMD. The activation of the sirtuin 1 (Sirt1)/PPARα path-
way participated in trimetazidine-mitigated cardiomyocyte
apoptosis in SIMD [51]. Therefore, the underlying antiapop-
totic mechanism of MG53/PPARα in SIMD requires further
investigation.

It has been reported that the overexpression of MG53
decreases glucose uptake and facilitates free FAs uptake in
DCM and that this deleterious effect is connected to increased
PPARα expression [23]. As a nuclear receptor regulating lipid
metabolism, the leading cause of the detrimental effect exerted
by PPARα is that excess lipid accumulation surpassed FAO
leading to the overproduction of ROS and lipotoxicity in
cardiomyocytes [23, 45]. We suspected that both MG53 and
PPARα played conflicting roles due to the different patterns
of energy supply in SIMD and DCM. Therefore, energetic
starvation in cardiomyocytes is a critical mechanism responsi-
ble for SIMD. Although we found MG53 protecting SIMD by
upregulating PPARα, the explicit mechanism is ambiguous.
The nutrient utilization (glucose and FAs) and the underlying
pathway between MG53 and PPARα in SIMD require further
investigation.

In conclusion, we discovered a previously unreported rela-
tionship between MG53 and PPARα in SIMD (Figure 8). The
supplementation of MG53 upregulated PPARα, reduced
myocardial oxidative stress and inflammatory injury, attenu-
ated cardiomyocyte damage and apoptosis, and eventually
improved cardiac function and survival rate in SIMD rats.
GW6471 preprocessing abolished the protective effects of
MG53. Additionally, this study provides a new treatment
strategy for SIMD.
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Figure 6: MG53 alleviated myocardial inflammation in SIMD rats, which was exacerbated by GW6471. Collagen accumulation was
demonstrated by (a) Masson’s trichrome staining. Collagen was stained blue in paraffin-embedded heart tissue sections (400x
magnification, scale bar = 50μm) and (b) the quantitation of interstitial fibrosis area (%). Inflammatory cytokines (c) interleukin-1β (IL-
β), (d) IL-6, and (e) tumor necrosis factor-α (TNF-α) in serum were detected by ELISA, and (f) cyclooxygenase-2 (COX-2) expression in
the myocardium was detected by western blotting. Data are presented as mean ± SD, n = 8. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
CLP= cecal ligation and puncture; rhMG53 = recombinant human mitsugumin-53.
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Figure 7: MG53 prevents cardiomyocyte apoptosis in SIMD rats, which was abolished by GW6471. Cardiomyocyte apoptosis was assessed by
(a) terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) (400x magnification, scale bar = 50μm) and (b) the quantitation
of TUNEL-positive cells. TUNEL-positive cells were stained brown and are indicated by black arrows. (c) Representative western blot bands
of pro-caspase-3, cleaved-caspase-3 (p17 form), Bax, and Bcl-2. Quantitative analysis of (d) the ratio of cleaved-caspase-3 (p17 form) to pro-
caspase-3 and (e) the ratio of Bax to Bcl-2 in heart tissues. Data are presented as mean ± SD, n = 12. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
CLP= cecal ligation and puncture; rhMG53 = recombinant human mitsugumin-53.
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Background. Liver transplantation induces self-injury and affects remote organs, such as the lung, kidney, and intestine.
Postoperative intestinal dysfunction has been associated with prolonged hospitalization and affects a patient’s health and quality
of life. Electroacupuncture (EA) has been proven effective in multiple organ protection. However, the potential mechanism
underlying the protective effects of EA on intestinal injury after liver transplantation remains unclear. Methods. After
establishing an autogenous orthotopic liver transplantation (AOLT) model, we studied the effects of EA pretreatment on
intestinal injury after AOLT. We used the JAK2-specific inhibitor AG490 to explore the underlying mechanism. Histological
analysis and apoptosis assays were used to evaluate intestinal injury. Oxidative stress index and inflammatory response were also
measured after AOLT. Furthermore, we detected the phosphorylation levels of JAK2, STAT1, and STAT3 by Western blot.
Results. We found that pretreatment with EA alleviated intestinal injury after AOLT, as shown by HE staining and TUNEL
methods. EA pretreatment inhibited the expressions of p-JAK2, p-STAT1, and p-STAT3 in the intestines after AOLT. Upon
treatment with JAK2-specific inhibitor AG490, intestinal injury was balanced. Conclusion. The data indicated EA pretreatment
alleviated intestinal injury after AOLT by inhibiting the JAK/STAT signaling pathway. These results provide basic evidence to
support the potential therapeutic efficacy of EA.

1. Introduction

Liver transplantation is the most effective method to address
end-stage liver diseases. During the past few decades, remote
organ injury has been widely studied during liver transplan-
tation. Liver transplantation not only induced self-injury but
also affected remote organs, such as the lung, kidney, and
intestine [1–4]. With the development of surgical techniques,
postoperative mortality and morbidity significantly reduced
in recent years. However, postoperative intestinal dysfunc-
tion remains associated with prolonged hospitalization and
affects a patient’s health and quality of life. Therefore,
numerous studies have been conducted on the prevention
of intestinal injury, from clinical trials to animal studies.
Based on Nozato et al.’s study [5], we established an autoge-
nous orthotopic liver transplantation (AOLT) model in rats,
which can well imitate the clinical surgery process. Although

previous studies have explored various methods and drugs in
ischemia organ injury, reported side effects have limited these
studies from applying to clinical practice.

Acupuncture is a traditional Chinese medical treatment
and is simple to perform, safe, and reliable. Electroacupuncture
(EA) has been proven effective in multiple organ protection
[6–8]. A previous study showed that excessive inflammation
and oxidative stress response play vital roles in intestinal
injury after liver ischemia-reperfusion [9]. Another study
showed that EA protects against liver injury after liver
ischemia-reperfusion [10]. Zusanli (ST36) is a widely used
acupoint in humans to exert anti-inflammatory effects during
acupuncture for treating pain or ischemia-reperfusion condi-
tions [11, 12]. Herein, we used the ST36 acupoint to assess its
protective effect against intestinal injury after AOLT in rats.
Although EA has been increasingly used to treat various
diseases, the mechanism remains unknown.
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The Janus kinase/signal transducer and activator of the
transcription (JAK/STAT) signaling pathway is involved in
a wide range of distinct cellular processes, including inflam-
mation, apoptosis, cell-cycle control, and development [13].
The JAK/STAT pathway comprises a family of receptor-
associated cytosolic tyrosine kinases (JAKs) that phosphorylate
tyrosine residues on bound transcription factors (STATs).
JAK-mediated tyrosinephosphorylationof STAT familymem-
bers enables the translocation of these transcription factors to
the nucleus and leads to an augmentation of gene transcrip-
tion [14, 15]. However, it is unclear whether the JAK/STAT
signaling pathway is involved in EA pretreatment to prevent
intestinal injury after AOLT. Based on the protective effect
of EA on various tissues, our study is aimed at exploring the
effect of EA on intestinal injury induced by AOLT in rats
and at investigating the underlying mechanisms.

2. Methods and Materials

2.1. Animals. A total of 40 adult male Sprague-Dawley rats
(220-250 g) were purchased from the People’s Liberation
ArmyMilitary Academy ofMedical Sciences Laboratory Ani-
mal Center. The animals were housed in 12h light-dark cycles
with controlled room temperature and were fed with regular
rat chow and water ad libitum but were fasted 12h before
experiments. Animals were randomly assigned into five
groups: group A, sham operated (sham group); group B,
autogenous orthotropic liver transplantation (AOLT group);
group C, pretreated with EA (ST36, 1-2mA, 2-100Hz,
30min) for 3 days+AOLT (EA+AOLT group); group D, pre-
treated with EA for 3 days+sham operated (EA+sham group);
and group E, pretreated with EA for 3 days+AG490 (5mg/kg,
i.p., Selleck, USA) 30min before establishing theAOLTmodel
(EA+AOLT+AG490 group). The dosage was determined
from a previous study [1]. The experimental procedures were
conducted following the Guide for the Care and Use of Labo-
ratory Animals and approved by the Institutional Animal
Care and Use Committee.

2.2. Animal Model. A rat AOLT model was established using
a previously reported method [5]. Anesthesia was induced by
inhalation of 3.0-4.0% isoflurane and maintained 1.5-2.0%
isoflurane inhalation. During surgery, all rats were free to
breathe O2 and were prone on a heating blanket. Rats in
the sham group underwent laparotomy without performing
AOLT as control. Total liver ischemia was induced by clamp-
ing the hepatic artery, the portal vein, suprahepatic vena cava
(SHVC), and intrahepatic vena cava (IHVC). After clamping,
the portal vein and IHVC were cannulated with a polyethyl-
ene tube, and the liver was perfused through the portal vein
with 500mL of heparinized cold saline (Jiangsu Wanbang
Biochemical Pharmaceutical Co., Ltd., China) (2.5 IU/mL)
to wash out all blood from the liver. The tubes were removed
after perfusion, and the openings of tube insertion were
closed. The SHVC and IHVC were then declamped immedi-
ately after repairing the vessels. After 45min, the clamps were
removed to allow the return of blood flow to the liver. After
6 h, the animals were euthanized by administering CO2 inha-
lation. Blood samples and intestinal tissue biopsies were

taken. The tissues were fresh frozen for histological and bio-
chemical evaluation. (Figure 1).

2.3. EA Pretreatment. Previous studies have shown that treat-
ment with dilated 100Hz and 2Hz alternating frequency
(2/100Hz) EA stimulation of the ST36 acupoint can alleviate
the inflammatory response caused by Complete Freund’s
adjuvant (CFA) [16, 17]. Zusanli acupoint is located 5mm
beneath the capitulum fibulae and lateral posterior to the
knee joint. We performed EA pretreatment as described in
a previous study [18]. Two acupuncture needles (diameter,
0.25mm; length, 30mm) were inserted into bilateral ST36
acupoints. Then, the two acupuncture needles were con-
nected to the output of a Master-9 Pulse Stimulator (AMPI,
Israel). EA parameters were set as follows: bidirectional sym-
metric square wave. The intensity was adjusted to induce
moderate muscle contraction of the hind limb (1-2mA),
and the EA groups were subjected to EA with alternating
frequencies and pulse waves. EA was applied 30min/day
from day 1 to day 3 (Figure 1).

2.4. Histological Examination.Formalin-fixed intestinal tissue
was dehydrated, embedded in paraffin, and sliced into 4μm
thick sections, whichwere stainedwith hematoxylin and eosin
(HE). The damage of intestinal mucosal cells was analyzed by
the Chiu score method [19]: 0—normal mucosa, 1—the tip of
the hair on the top of the subcutaneous gap increases,
2—moderate separation of the epithelium and lamina,
3—when there are a large number of villi on both sides of
the top of the villi with partial villi, 4—villous damage with a
large number of inherent layer of capillary exposed, and
5—inherent layer damage of bleeding and ulcers.

2.5. Apoptosis Assay. To detect the apoptotic positive cells,
terminal deoxynucleotidyl transferase-mediated digoxigenin-
labeled UTP nick end labeling assay (TUNEL) was performed
using an ApopTag peroxidase in situ cell death detection kit
(Roche, Basal, Switzerland). Briefly, the 4μm thick paraffin
sections were deparaffinized, treated with 0.1% TritonX-100,
and incubated at 37°C for 8min in a humidified atmosphere.
PBS wash was performed 3 times. Then, the sections were fur-
ther incubated with a mixture of marker and enzyme solution
at 37°C for 1h. PBS wash was performed 3 times, and the sam-
pleswere observedunder afluorescencemicroscope (Olympus,
Japan) at 450-550nm. Five high-power fields were randomly
selected to determine the percentage of apoptotic cells.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). Blood
samples were collected from all rats. The serum levels of
tumor necrosis factor-α (TNF-α), high-mobility group box-
1 (HMGB-1), intestinal fatty acid-binding protein (IFABP),
and endotoxin (LPS) were examined using an ELISA kit
(Shanghai Baiwo Co., Ltd., China) according to the manufac-
turer’s instructions [20].

2.7. Wet/Dry (W/D) Ratio of the Intestine. To test the edema
of intestinal after AOLT 6h following reperfusion, 5 cm of
ileum tissue at 2 cm from the back of the blind was harvested,
cleaned by removing blood and water, and weighed. Then,
the sample was incubated at 70°C for 24 h and weighed.
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TheW/D ratio was calculated as the ratio of the wet weight to
the dry weight of the intestine.

2.8. Oxidative Stress. The levels of malondialdehyde (MDA)
and superoxide dismutase (SOD) were determined using
assay kits (Nanjing Institute Co., Ltd.) according to the man-
ufacturer’s instructions [20]. The tissue MDA level was
determined by the Esterbauer and Cheeseman method based
on its reaction with thiobarbituric acid at 90-100°C; absor-
bance was measured at 532nm. MDA reacts with thiobarbi-
turic acid (TBA) and produces a pink pigment, which has a
maximum absorption at 532 nm. The value of each sample
was obtained from the standard curve and was expressed as
μmol/g tissue. SOD activity was measured according to the
Paoletti and Mocali method. In this assay, superoxide anion
was generated from molecular oxygen in the presence of
EDTA, manganese II chloride, and mercaptoethanol. Nico-
tinamide adenine dinucleotide phosphate oxidation was
linked to the availability of superoxide anions in the medium.

2.9. Immunohistochemistry. Immunohistochemical staining
of the intestinal tissuewas performed on formalin-fixed paraf-
fin sections using a microwave-based technique. The 4μm
thick sections of the fixed intestines were dewaxed with
xylene, hydrated in graded concentrations of ethanol, and
treated with 0.3% hydrogen peroxide for 10min to quench
endogenous peroxidase. The sections were heated in a micro-
wave oven in sodium citrate (pH = 6:0) at 95-99°C for 15min
and then cooled at room temperature. The sections were incu-
bated in 5% blocking serum for 30min and then in primary
antibodies (Cleaved Caspase-3: 1 : 1 000, from Cell Signaling
Technology, Beverly, MA, USA) at 4°C overnight. They were
subsequently incubated with biotinylated secondary antibod-
ies for 30min and finally counterstained with hematoxylin.

2.10. Western Blot. The protein lysates were prepared from
frozen tissues in ice-cold RIPA buffer (Sigma-Aldrich). The
extracted protein was separated in a 10% sodium dodecyl
sulfate- (SDS-) PAGE and then electrophoretically trans-
ferred to a nitrocellulose membrane (Hybond, Amersham
Biosciences, Little Chalfont, UK). Membranes were blocked
with 5% nonfat milk powder in TBS for 1 h at room temper-
ature. These membranes were subjected to immunoblot anal-
ysis with antibodies to JAK2, p-JAK2, STAT1, p-STAT1,
STAT3, and p-STAT3. The protein antibody immune

complexes were detected with horseradish peroxidase-
conjugated secondary antibodies and enhanced chemilumi-
nescence reagents (Pierce Biotechnology, Rockford, IL).
GAPDH was used as an internal control to calculate the ratio
of optical density, and values were compared with those of
sham controls.

2.11. Statistical Analysis. All values are given as the mean
± SD. Statistical analysis was carried out using GraphPad
Prism 8.0 software (GraphPad Software, USA). One-way
analysis of variance was used to compare the measurement
data between groups. P < 0:05 was considered significant.

3. Results

3.1. EA Pretreatment Significantly Decreases Intestinal
Histology Injury. To examine the protective effect of EA
pretreatment against intestinal injury after AOLT, each rat
was analyzed by histopathology, and the intestinal mucous
damage score was calculated. A normal histological structure
was observed in the sham group by HE staining. Severe dis-
ruption of structural integrity in brush border, including loss
of mucus, villi, and widespread necrotic area, was observed in
the AOLT group. However, these damages were improved in
the EA pretreatment group. The intestinal mucous damage
score significantly increased in the AOLT group compared
with the sham group. EA pretreatment combined with
AG490 improved intestinal damage; no significant differ-
ences were observed between the EA+sham group and the
EA+AOLT+AG490 group (Figures 2).

3.2. EA Pretreatment AlleviatesW/D Ratio of the Intestine. To
test intestinal edema after AOLT, we calculated theW/D ratio
changes in all groups. As shown in Table 1, EA pretreatment
significantly reduced the W/D ratio caused by AOLT. When
compared with the AOLT group, the intestinal W/D ratio
decreased in the EA+sham and EA+AOLT+AG490 groups.
The EA+sham group did not show a significant difference
from the sham group (Table 1, Figure 3).

3.3. EA Pretreatment Decreases Intestinal Inflammatory
Reaction and Oxidative Stress. As aforementioned, EA
application was shown to protect against intestinal injury
following AOLT. However, the underlying mechanisms
remain unknown. Severe intestinal damage was found to be
accompanied by oxidative stress and inflammatory reaction

Infrahepatic vena cava
Portal veinOut flow

Hepatic artery

0

Suprahepatic vena cava

ST36, EA (1-2 mA, 30 min)

Perfusion

Splenic vein

Figure 1: The autogenous orthotopic liver transplantation (AOLT) model in rats and electroacupuncture pretreatment on rats.
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activation. The levels of TNF-α, HMGB-1, iFABP, LPS, and
MDA increased markedly in the AOLT group. However, the
application of EA effectively balanced oxidative stress and
inflammatory reactions. The levels of TNF-α, HMGB-1,
iFABP, LPS, and MDA decreased, whereas the level of SOD
increased in EA+AOLT group. In the EA+sham group, EA
had no effect on oxidative stress and inflammatory response,
which were comparable with the results observed in the sham
group. Results from the EA+AOLT+AG490 group were also
similar to those from the EA+sham group (Figures 4 and 3).

3.4. EA Pretreatment Inhibits Intestinal P-JAK2, P-STAT1,
and P-STAT3 Protein Expressions. The JAK/STAT pathway
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Figure 2: EA pretreatment significantly decreases intestinal histology injury (magnification, ×200). Representative microphotographs were taken
from the intestine of the sham (a), AOLT (b), EA+AOLT (c), EA+sham (d), and EA+AOLT+AG490 (e) groups at the time point of 6 h after AOLT
in rats. (f) Histopathological scoring was calculated in each group: (A–E) the sham, AOLT, EA+AOLT, EA+sham, and EA+AOLT+AG490 groups.
Data were represented as the mean ± SD (n = 8, per group). ∗P < 0:05 vs. the sham group. #P < 0:05 vs. the AOLT group.

Table 1: W/D ratio of experiment rats (n = 8, �x ± s).

Groups W/D ratio

Sham 3:89 ± 0:81
AOLT 9:35 ± 0:13∗

EA+AOLT 5:85 ± 0:55∗#

EA+sham 3:70 ± 0:57#

EA+AOLT+AG490 4:45 ± 0:41#

Data presented are the mean ± SD. ∗P < 0:05 vs. the sham group. #P < 0:05
vs. the AOLT group.
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plays a vital role in regulating the immune response. Western
blot analysis was performed to demonstrate the effect of EA
on JAK/STAT pathway proteins. JAK2, STAT1, and STAT3
proteins were mainly expressed in intestinal cells. The
expressions of p-JAK2, p-STAT1, and p-STAT3 proteins sig-
nificantly increased in intestines subjected to AOLT (P < 0:05
vs. the sham group). However, EA application decreased the
expression of p-JAK2, p-STAT1, and p-STAT3 proteins
(P < 0:05 vs. the AOLT group). Treatment with AG490
reduced the expressions of p-JAK2, p-STAT1, and p-
STAT3 proteins (P < 0:05 vs. the AOLT group). These results
demonstrated that EA inhibited the JAK/STAT signaling
pathway in intestinal injury after AOLT. The JAK/STAT
signaling pathway was active in the AOLT group (Figure 5).

3.5. EA Pretreatment Decreases the Expression of Cleaved
Caspase-3 in the Intestine. From the immunohistochemical
staining, intense staining for active Cleaved Caspase-3 in

the cytoplasm of epithelial cells of rats subjected to AOLT
was observed. However, very few Cleaved Caspase-3 immu-
noreactive cells were observed in the sham and EA+sham
groups. These results again showed the tissue-protective
effect of EA against intestinal injury after AOLT (Figure 6).
When pretreated with EA and AG490, the EA+sham and
EA+AOLT+AG490 groups did not show a significant differ-
ence from the sham group.

3.6. EA Pretreatment Attenuates Intestinal Epithelial Cell
Apoptosis. TUNEL assay was used to evaluate the apoptosis
of tubular epithelial cells induced by AOLT. A large number
of apoptotic epithelial cells were visible in the intestines sub-
jected to AOLT (P < 0:05 vs. the sham group). EA application
was associated with the occurrence of apoptosis of epithelial
cells, which was less than that observed with the AOLT group
(P < 0:05). In the EA+sham group, EA treatment had no
effect on apoptotic epithelial cells, comparable with the sham
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Figure 3: Effects of EA on the plasma level of MDA, SOD, and theW/D ratio following AOLT-induced intestinal injury. The levels of plasma
MDA, SOD, and the W/D ratio were measured at 6 h following AOLT. (A–E) The sham, AOLT, EA+AOLT, EA+sham, and EA+AOLT
+AG490 groups. Date were represented as the mean ± SD (n = 8, per group). ∗P < 0:05 vs. the sham group. #P < 0:05 vs. the AOLT group.
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Figure 4: Effects of EA on the plasma level of TNF-α, HMGB-1, IFABP, and LPS following AOLT induced intestinal injury. The levels of
plasma TNF-α, HMGB-1, IFABP, and LPS were measured at 6 h following AOLT. (A–E) The sham, AOLT, EA+AOLT, EA+sham, and
EA+AOLT+AG490 groups. Date were represented as the mean ± SD (n = 8, per group). ∗P < 0:05 vs. sham group. #P < 0:05 vs. the AOLT
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group. The EA+AOLT+AG490 group had similar results as
the sham group (Figure 7).

4. Discussion

We found that AOLT-induced intestinal injury in rats. We
determined whether EA affected the results. Pretreatment
with EA alleviated intestinal injury after AOLT, as shown
by HE staining and TUNEL methods. Compared with the
sham group, the EA+sham group did not produce adverse
reactions as normal rats. We explored the potential mecha-
nisms underlying EA pretreatment. EA pretreatment inhib-
ited the expressions of p-JAK2, p-STAT1, and p-STAT3 in
intestines after AOLT. When treated with JAK2-specific
inhibitor AG490, intestinal injury was balanced. This indi-
cated that EA pretreatment alleviated intestinal injury after
AOLT by inhibiting the JAK/STAT signaling pathway and
provides basic evidence supporting its potential therapeutic
efficacy (Figure 8).

AOLT blocks the return of venous blood in the lower
extremities, which induces a systemic response and a release
of harmful substances that may damage remote organs,
including the intestines [21–24]. After AOLT in rats, blood
flow is blocked, and intestinal injury undergoes two pro-
cesses: ischemia and secondary reperfusion injury [20]. Due
to intestinal hyperemia and congestion during liver trans-
plantation, intestinal peristalsis and barriers are often
impaired. Intestinal erogenous endotoxin and bacteria enter

the blood or lymphatic system and are transferred to other
organs, which may lead to multiple organs dysfunction and
systemic inflammatory response [25]. Intestinal injury is a
complex, multifactorial, and pathophysiological process that
involves dysfunction of bacterial translocation, absorption,
and production of reactive oxygen species, cytokines, nitric
oxide, and initiates multiorgan dysfunction syndrome [4,
26]. A recent study found that intestinal barrier destruction
was widely observed during liver transplantation [27]. Other
studies have also explored the possible mechanism of intesti-
nal injury caused by liver transplantation. TLR4/NF-κB
signaling pathway activation-induced cell apoptosis was
involved in intestinal injury during liver transplantation
[28]. In our study, we found that the intestinal injury score
increased after AOLT. Our previous study showed that
AOLT induced remote organ injury after 6 h reperfusion,
and the inflammatory response was obvious [29]. Therefore,
in the present study, we selected 6 h after reperfusion to mea-
sure the intestinal injuries caused by AOLT.

Numerous strategies have been designed to reduce intes-
tinal injury after AOLT [30]. Although some drugs have been
successfully used to reduce intestinal injury in animal
models, few can be used in clinical settings or may not be
available during operations. Acupuncture has been used to
control weight [31], reduce epilepsy [32], improve learning
and memory disorders [33], and reduce pain [34–37]. EA is
a complementary alternative medicine approach and
involves applying an electrical current to acupuncture points.
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Figure 5: EA inhibited the phosphorylations of JAK2, STAT1, and STAT3. Representative Western blots for the phosphorylations of JAK2,
STAT1, and STAT3 (a) of the intestine were detected after 6 h of AOLT; (A–E) The sham, AOLT, EA+AOLT, EA+sham, and EA+AOLT
+AG490 groups. Densitometry analysis of Western blots for the ratio of p-JAK2/JAK2 (b), p-STAT1/STAT1 (c), and p-STAT3/STAT3
(d). Data were represented as the mean ± SD (n = 8, per group). ∗P < 0:05 vs. the sham group. #P < 0:05 vs. the AOLT group.
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Zusanli is an important acupuncture point commonly used
in acupuncture practices to promote blood circulation and
can also cure peripheral soft tissue inflammation and
ischemia-reperfusion [6, 38–41]. Indeed, several studies
have demonstrated that EA significantly attenuated apopto-
sis in the brain, heart, and intestinal ischemia-reperfusion
[42–44]. In our study, inflammatory reaction markers
(TNF-α, HMGB-1) and oxidative stress factors (MDA)
increased significantly in the AOLT group. However, in
the EA+AOLT group, apoptosis of epithelial cells resulting
from the intestinal injury was significantly decreased. Cas-
pase-3, which participates in the apoptosis pathway in the
intestinal mucosa, was also markedly reduced in the EA
+AOLT group, which confirmed the decreased disruption
of the structural integrity of intestinal mucosa, as observed
by HE staining. This study evaluated the protective and
antiapoptotic effects of EA on intestinal architecture and
apoptosis in intestinal injury.

JAK/STAT is involved in many pathophysiological pro-
cesses in the body [45, 46]. JAK2 is a member of the Janus
kinase family and is involved in immune, hematopoietic,

neural, and other signal transduction systems [47]. A recent
study showed that EA has a protective effect on focal cere-
bral ischemia by inhibiting JAK2 phosphorylated activation
in rats [48]. AG490 is a specific inhibitor of JAK2 which
can inhibit the activation of JAK2 and downregulate the
phosphorylation of STATs. The JAK/STAT signaling
pathway is involved in ischemia-reperfusion processes.
Our previous study showed that the JAK/STAT signaling
pathway was inhibited by propofol in the hippocampus
[29]. To confirm the hypothesis that the JAK/STAT signal-
ing pathway participated in regulating apoptotic process in
our model, AG490 was given in the EA+AOLT group. Our
study showed that EA+AG490 significantly improved
intestinal apoptosis and reduced the expression of Cleaved
Caspase-3 protein following AOLT. Our data also showed
significantly decreased expressions of p-JAK2 in the EA
and EA+AG490 groups, accompanied by the downregula-
tion of STAT1 and STAT3 phosphorylation. Our results
indicated that EA significantly protected intestinal injury
after AOLT in rats by inhibiting the activation of the
JAK/STAT signaling pathway.
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Figure 6: The effect of EA on AOLT induced Cleaved Caspase-3 of intestinal cells (magnification, ×200). Representative microphotographs
were taken from the intestine of the sham (a), AOLT (b), EA+AOLT (c), EA+sham (d), and EA+AOLT+AG490 (e) groups at the time point of
6 h after AOLT. (f) Quantification of Cleaved Caspase-3 positive cells were counted in each group: (A–E) the sham, AOLT, EA+AOLT, EA
+sham, and EA+AOLT+AG490 groups.
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Taken together, intestinal injury contributed to the
damage of intestinal function and histological structure
and enhanced the apoptosis of intestinal epithelial cells
and the expression of protein Cleaved Caspase-3. We dem-
onstrated that EA pretreatment attenuated intestinal injury
by inhibiting the JAK/STAT signaling pathway in a rat
AOLT model. Zusanli is a classic and preferred acupoint

for treating gastrointestinal diseases and is widely used in
clinical practice. Its therapeutic effect is recognized by many
medical workers and patients. EA is a branch of acupunc-
ture and moxibustion therapy. Compared with classic
acupuncture, it has many advantages, such as good thera-
peutic effects, a wide range, ease of stimulation control,
and continuous needle movements [49]. However, there
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Figure 7: The effect of EA on AOLT induced apoptosis of intestinal cells (magnification, ×200). Representative microphotographs were taken
from the intestine of the sham (a), AOLT (b), EA+AOLT (c), EA+sham (d), and EA+AOLT+AG490 (e) groups at the time point of 6 h after
AOLT. Apoptosis was evaluated by TUNEL staining. Quantification of TUNEL-positive cells was counted following AOLT (f). ∗P < 0:05 vs.
the sham group. #P < 0:05 vs. the AOLT group.
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are several limitations to our study. This study was based on
our previous study; we could have used gene sequencing
technology to explore the involved mechanism. Then, we
would explore the mechanism in vivo and investigate
whether this mechanism functioned at the cellular level.
Finally, we need to apply this technique in clinical practice.
To make progress on this front, our research team has
begun a single-center study on the protective effect of EA
pretreatment on postoperative organs.

In conclusion, our study showed that EA reduced intesti-
nal injury against AOLT, at least in part through its inhibitory
effects on the injury-induced activation of the JAK/STAT
signaling pathway. If extrapolated to a clinical setting, EA
has the potential to serve as a clinical strategy for preventing
perioperative intestinal injury after AOLT.
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Background. Constitutive nuclear factor kappa B (NFκB) activation has been shown to exacerbate during myocardial
ischemia/reperfusion (I/R) injury. We recently showed that miR-181c-5p exacerbated cardiomyocytes injury and apoptosis by
directly targeting the 3′-untranslated region of protein tyrosine phosphatase nonreceptor type 4 (PTPN4). However, whether
miR-181c-5p mediates cardiac I/R injury through NFκB-mediated inflammation is unknown. Thus, the present study aimed to
investigate the role of miR-181c-5p during myocardial I/R injury and explore its mechanism in relation to inflammation in
H9C2 cardiomyocytes. Methods and Results. In hypoxia/reoxygenation (H/R, 6 h hypoxia followed by 6 h reoxygenation)-
stimulated H9C2 cardiomyocytes or postischemic myocardium of rat, the expression of miR-181c-5p was significantly
upregulated, which was concomitant increased NFκB activity when compared to the nonhypoxic or nonischemic control
groups. This is indicative that miR-181c-5p may be involved in NFκB-mediated inflammation during myocardial I/R injury. To
investigate the potential role of miR-181c-5p in H/R-induced cell inflammation and injury, H9C2 cardiomyocytes were
transfected with the miR-181c-5p agomir. Overexpression of miR-181c-5p significantly aggravated H/R-induced cell injury
(increased lactate dehydrogenase (LDH) level) and exacerbated NFκB-mediated inflammation (greater phosphorylation and
degradation of IκBα, phosphorylation of p65, and increased levels of proinflammatory cytokines tumor necrosis factor α
(TNFα), interleukin (IL)-6, and IL-1β). In contrast, inhibition of miR-181c-5p by its antagomir transfection in vitro had
the opposite effect. Furthermore, overexpression of miR-181c-5p significantly enhanced lipopolysaccharide-induced NFκB
signalling. Additionally, knockdown of PTPN4, the direct target of miR-181c-5p, significantly aggravated H/R-induced
phosphorylation and degradation of IκBα, phosphorylation of p65, and the levels of proinflammatory cytokines. PTPN4
knockdown also cancelled miR-181c-5p antagomir mediated anti-inflammatory effects in H9C2 cardiomyocytes during H/R
injury. Conclusions. It is concluded that miR-181c-5p may exacerbate myocardial I/R injury and NFκB-mediated
inflammation via PTPN4, and that targeting miR-181c-5p/PTPN4/NFκB signalling may represent a novel strategy to
combat myocardial I/R injury.
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1. Introduction

Ischemic heart disease is one of the major causes of death
worldwide [1, 2]. During cardiac ischemia/reperfusion (I/R)
injury, cellular damage such as excessive apoptosis can result
in protease and danger-associated molecular patterns that
favours a proinflammatory environment through the activa-
tion of nuclear factor kappa B (NFκB) [3]. In the ischemic
heart, prolonged activation of NFκB is generally considered
to be detrimental by eliciting signals that trigger chronic
inflammation through enhanced elaboration of proinflamma-
tory cytokines, including interleukin (IL)-6, IL-1β, and tumor
necrosis factor α (TNFα), leading to cardiac injury [4, 5]. Con-
stitutive NFκB activation has been demonstrated in various
models of experimental myocardial ischemia and reperfusion
[3, 6]. In vivo transfer of NFκB decoy oligodeoxynucleotides
to bind transcriptional factor, blocking inflammatory gene
activation, reduced the extent of myocardial infarction follow-
ing reperfusion [7]. Thus, a strategy that can inhibit excessive
NFκB-mediated inflammation should be an effective therapy
to combat ischemic heart disease.

ThemiR-181 family (including miR-181a, miR-181b, miR-
181c, and miR-181d) plays diverse roles in regulating various
cellular and biological processes through posttranscriptional
regulation of target genes [8–12]. Accumulating evidence sug-
gests a central role for the miR-181 family in inflammation by
regulating target proteins invovled in critical inflammatory sig-
nalling pathways, such asNFκB signalling [13, 14]. For example,
miR-181b can reduce inflammation through targeting the 3′
-untranslated region of the importin-α3 (a protein critical for
the translocation of NFκB from the cytoplasm to the nucleus),
further inhibiting the activation of NFκB signalling pathway
[14]. In addition, previous study has demonstrated that miR-
181c-5p (named miR-181c in other studies) can directly target
the 3′-untranslated region of TNFα mRNA, suppressing its
mRNAand protein expression in ratmicroglial cells after ische-
mia injury [15]. However, the anti-inflammatory effect of miR-
181c-5p in neuroinflammation was challenged as miR-181c-5p
exacerbated brain injury in acute ischemic stroke [16]. Thus, it is
still unclear whether miR-181c-5p exerts pro- or anti-
inflammatory effect in the context of I/R in general, and inmyo-
cardial I/R injury in specific.

We have recently shown that miR-181c-5p exacerbated
hypoxia/reoxygenation (H/R)-induced cardiomyocyte injury
and apoptosis via targeting protein tyrosine phosphatase
nonreceptor type 4 (PTPN4) [17]. Of note, PTPN4 sup-
presses Toll-like receptor 4/NFκB signalling in mouse perito-
neal macrophages [18]. However, it is unknown whether or
not PTPN4 may inhibit NFκB-mediated proinflammatory
responses in cardiomyocytes. During myocardial I/R
injury, the cardiac resident cells, such as cardiomyocytes
may elaborate proinflammatory cytokines in response to
various stimuli and thus favour a proinflammatory envi-
ronment. Therefore, the present study aimed to determine
whether or not miR-181c-5p enhances NFκB-mediated
inflammation via inhibiting PTPN4 during cardiac I/R injury
by using rat origin cardiomyocytes (H9C2) subjected to H/R
stimulation.

2. Materials and Methods

2.1. Cell Culture. The rat origin H9C2 cardiomyocytes were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The H9C2 cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM,
ThermoFisher Scientific, MA, USA) supplemented with
10% fetal bovine serum (FBS, Biosera, Kansas City, MO,
USA) and 1% penicillin/streptomycin (100U/ml, Thermo-
Fisher Scientific). All cells were cultured in a humidified
atmosphere containing 5% CO2-95%O2 at 37°C.

2.2. Cell Treatment. The H9C2 cardiomyocytes were seeded
into six-well plate (2 × 105 cell/well) overnight and trans-
fected with micrON rno-miR-181c-5p agomir (50 nM,
RIBOBIO, Guangzhou, China), micrOFF rno-miR-181c-5p
antagomir (50 nM, RIBOBIO), small RNA (siRNA) against
PTPN4 (50nM, RIBOBIO), or their negative controls using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) for
24 h according to the manufacturer’s instructions. The sub-
groups of these cardiomyocytes were subsequently subjected
to H/R or lipopolysaccharide (LPS, 3μg/ml, 21 h, Sigma)
stimulation before harvesting. H/R stimulation was achieved
as previously described [19]. Briefly, the H9C2 cardiomyo-
cytes were cultured with DMEM medium (no glucose or
FBS) for 6 h in a humidified Plexiglas chamber containing
95% N2 and 5% CO2. The cells were then exposed to fresh
culture medium and room air atmosphere containing 5%
CO2 and 95% O2 for an additional 6 h to achieve reoxygena-
tion. The transfection effects were verified by detecting the
expression of miR-181c-5p, mRNA, or protein expression
of PTPN4 through real-time polymerase chain reaction
(PCR) or Western blotting.

2.3. Measurement of Lactate Dehydrogenase (LDH) Activity.
The content of LDH, which was released in the culture
medium, was measured by LDH cytotoxicity assay kit (Roche,
Germany) according to the manufacturer’s instructions.

2.4. In Vivo Left Anterior Descending Artery Ligation Model.
All experimental procedures were approved by The Univer-
sity of Hong Kong Committee on the Use of Live Animals
for Teaching and Research. Male adult Sprague-Dawley rats
(8 weeks of age) were anesthetized with ketamine (100mg/kg)
and xylazine (10mg/kg). The in vivo myocardial I/R injury
model was induced by occluding the left anterior descending
(LAD) artery with a 7-0 silk suture for 30min followed by
2h of reperfusion [20]. A sham operation was performed by
passing a silk thread under the LAD without occlusion. Myo-
cardial infarct size (IS) was measured by using Evans
blue/TTC (1% 2, 3, 5-triphenyltetrazolium chloride) staining
and expressed as a percentage of the area at risk (AAR). At
the harvest time, the heart was quickly collected for further
measurement of miRNA, mRNA, and protein expression.

2.5. Real-Time Polymerase Chain Reaction. Total RNA was
extracted from H9C2 cardiomyocytes or rat heart tissues
using RNAiso Plus (Takara, Japan) and reverse transcribed
to cDNA with PrimeScript RT Master Mix kit (Takara),
according to the manufacturer’s instructions. For reverse

2 Oxidative Medicine and Cellular Longevity



transcription of miR-181c-5p or U6 (served as an internal
reference), specific Bulge-Loop™ miRNA primers (Ribobio)
were used instead of the random primers which were included
in the PrimeScript RT Master Mix kit. Quantitative real-time
PCR was performed with a SYBR green master mix (Takara)
on an Applied Biosystems Prism 7000 sequence detection sys-
tem (Applied Biosystems, Foster City, CA, USA) as previously
described [21]. Gene-specific primers were as follows: rat IL-6
forward: 5′-ACTTCACAAGTCGGAGGCTT-3′, reverse: 5′
-AGTGCATCATCGCTGTTCAT-3′; rat IL-1β forward: 5′
-TACCTATGTCTTGCCCGTGGA-3′, reverse: 5′-ATCATC
CCACGAGTCACAGAGG-3′; rat TNFα forward: 5′-TCTC
AAAACTCGAGTGACAAGC-3′, reverse: 5′-GGTTGTCTT
TGAGATCCATGC-3′; rat PTPN4 forward: 5′-CCCTCT
TCCCCTGAAAAGTC-3′, reverse: 5′-TCATGGGTGTG
TTCTGCAAT-3′; rat β-actin forward: 5′-AGGCCAACC
GTGAAAAGATG-3′, reverse: 5′-ACCAGAGGCATACA
GGGACAA-3′. Relative mRNA or miRNA levels were
quantified by using the 2-ΔΔCt method and normalized to
those of β-actin or U6, respectively.

2.6. Western Blotting. H9C2 cardiomyocytes or frozen heart
tissues were homogenized in lysis buffer (Sigma) supple-
mented with Protease inhibitor cocktail tablet (Roche) and
Phosphatase inhibitor cocktail tablet (Roche). Equal protein
amounts were loaded and separated by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride membranes for immunoblot
analysis as previously described [22]. Antibodies against IκBα
(1 : 1000), phospho-IκBα (Ser32/36) (1 : 1000), p65 (1 : 1000),
phospho-p65 (Ser536) (1 : 1000), GAPDH (1 : 1000), and β-
tubulin (1 : 3000) were purchased from Cell Signaling Tech-
nology and used as primary antibodies. Primary antibody
against PTPN4 antibody (1 : 1000) was purchased from
Novus. Horseradish peroxidase-conjugated antimouse
(1 : 3000) or antirabbit (1 : 3000) secondary antibodies were
purchased from Cell Signaling Technology. The blots were
visualized with Amersham™ ECL Western Blotting Detection
Reagent (GE Healthcare) and subsequently exposed to X-ray
film (Carestream, NY, USA). Image J software (National Insti-
tutes of Health, MD, USA) was used to quantify the optical
densities of the immunoreactive bands.

2.7. Statistical Analysis. All data are presented as means ±
standard error of means (S.E.M.). Comparison between
groups was carried out by two-tailed unpaired Student’s t
-test, one-way ANOVA, or two-way ANOVA followed
by Bonferroni post hoc test, where appropriate, using the
GraphPad Prism 8.0 software (San Diego, CA, USA). In
all comparisons, P value less than 0.05 was considered as
statistically significant difference.

3. Results

3.1. miR-181c-5p Was Upregulated Concomitantly with
Enhanced NFκB Activity in Posthypoxic H9C2 Cardiomyocytes
and Postischemic Myocardium of Rat. We have previously
reported that the expression of miR-181c-5p in H/R-stimu-
lated H9C2 cardiomyocytes or postischemic myocardium of

rat was significantly increased when compared to control
groups [17]. Of note, the current study further demonstrated
that upregulation of miR-181c-5p (Figure 1(a)) was paralleled
by enhanced NFκB activity, as evidenced by enhanced degra-
dation of IκBα and phosphorylation of IκBα (Ser32/36) and
p65 (Ser536) (Figure 1(b)) in H/R-stimulated H9C2 cardio-
myocytes. Furthermore, in the in vivo myocardial I/R model,
increased myocardial infarction size (Figure 1(c)) was accom-
panied by upregulation of miR-181c-5p (Figure 1(d)) and
enhanced NFκB activity (Figure 1(e)), suggesting that miR-
181c-5p may be involved in the NFκB-mediated proinflam-
matory responses of cardiomyocytes during the pathology of
myocardial I/R injury.

3.2. Overexpression of miR-181c-5p Exacerbated NFκB-
Mediated Inflammation in H9C2 Cardiomyocytes in
Response to H/R Stimulation. To determine the role of miR-
181c-5p in NFκB-mediated inflammation in cardiomyocytes
under hypoxic condition, the effect of miR-181c-5p on the
key enzymes in the NFκB signalling pathway and the expres-
sion of NFκB-dependent genes were examined in H9C2
cardiomyocytes by using gain-of-function experiments.
Overexpression of miR-181c-5p was achieved by transfection
of miR-181c-5p agomir into H9C2 cardiomyocytes, which
resulted in significant increases in the expression of miR-
181c-5p (Figure 2(a)) and in the levels of H/R-stimulated
release of LDH (Figure 2(b)), which were consistent with
our previous report [17]. Overexpression of miR-181c-5p
did not alter the presence of total p65 but significantly
enhanced the degradation of IκBα and increased the level of
phosphorylated IκBα (Ser32/36) and phosphorylated p65
(Ser536) in response to H/R stimulation (Figure 2(c)).
Furthermore, the H/R-stimulated induction of NFκB-
mediated proinflammatory cytokines (including IL-1β,
IL-6, and TNFα) was further increased in the presence of
overexpression of miR-181c-5p by 58%, 72%, and 435%,
respectively (Figure 2(d)). Taken in conjunction, these
observations suggested that miR-181c-5p can exacerbate
H/R-induced NFκB signalling by facilitating the phosphor-
ylation of IκBα and p65, and thus lead to augmentation of
NFκB transcription activity.

3.3. Inhibition of miR-181c-5p Suppressed NFκB-Mediated
Inflammation in H9C2 Cardiomyocytes in Response to H/R
Stimulation. To consolidate the proinflammatory effect of
miR-181c-5p on NFκB signalling in cardiomyocytes, antine-
gative control (the negative control of miR-181c-5p antago-
mir) or miR-181c-5p antagomir was transfected into H9C2
cardiomyocytes and subsequently subjected to normoxia or
H/R stimulation. As anticipated, inhibition of miR-181c-5p
significantly attenuated the H/R-induced LDH leakage
(Figure 3(a)). In normoxia group, there was a trend towards
an increased expression of phosphorylation of IκBα (Ser32/36)
in miR-181c-5p antagomir-transfected H9C2 cells, which
however did not reach statistical significance (Figure 3(b)).
UponH/R stimulation, inhibition ofmiR-181c-5p significantly
suppressed the degradation of IκBα and reduced the phos-
phorylation of IκBα (Ser32/36) and p65 (Ser536) (Figure 3(b)).
Moreover, inhibition of miR-181c-5p significantly suppressed
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Figure 1: miR-181c-5p was upregulated concomitantly with enhanced NFκB activity in posthypoxic H9C2 cardiomyocytes and postischemic
myocardium of rat. (a) Increased expression of miR-181c-5p in hypoxia/reoxygenation (H/R, 6 h hypoxia followed by 6 h reoxygenation)
stimulated H9C2 cardiomyocytes. (b) Representative Western blots of phosphorylated IκBα (Ser32/36), IκBα, phosphorylated p65 (Ser526),
p65, and β-tubulin in the H/R-stimulated H9C2 cardiomyocytes. In the in vivo model, myocardial I/R (30 minutes of left anterior
descending artery occlusion and 2 hours of reperfusion in rats) induced significant increased postischemic myocardial infarction size (c)
and upregulation of miR-181c-5p (d). (e) Representative Western blots of phosphorylated IκBα (Ser32/36), IκBα, phosphorylated p65
(Ser526), p65, and β-tubulin in postischemic myocardium of rat. Protein presence of phosphorylated IκBα (Ser32/36), IκBα, and
phosphorylated p65 (Ser526) was normalized to IκBα, β-tubulin, and p65, respectively. Data are shown as means ± SEM; ∗P < 0:05 vs. CTL
or Sham (two-tailed unpaired Student’s t-test), n = 5.
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the H/R-induced mRNA expression of NFκB-mediated genes,
including IL-1β, IL-6, and TNFα by 43%, 48%, and 40%,
respectively (Figure 3(c)). Taken together, these findings indi-
cated that inhibition of miR-181c-5p suppresses H/R-induced
NFκB signalling in H9C2 cardiomyocytes.

3.4. miR-181c-5p Exacerbated LPS-Induced NFκB Signalling
in H9C2 Cardiomyocytes. To further explore whether or not

miR-181c-5p could exacerbate NFκB-mediated proinflam-
matory responses in cardiomyocytes, experiments were
performed using another stimulus—LPS, which has been
proved to induce NFκB-dependent proinflammatory cyto-
kines in cardiomyocytes [23, 24]. In response to LPS stimula-
tion, the expression of miR-181c-5p was significantly
increased to a level over 2-fold of that of unstimulated cells
(Figure 4(a)), suggesting that miR-181c-5p may be involved
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Figure 2: Overexpression of miR-181c-5p exacerbated NFκB-mediated inflammation in H9C2 cardiomyocytes in response to H/R
stimulation. miR-181c-5p agomir (miR-181c-5p) transfection resulted in significant overexpression of miR-181c-5p in H9C2
cardiomyocytes (a), and overexpression of miR-181c-5p exacerbated the H/R-induced LDH release (b). (c) Representative Western blots
of phosphorylated IκBα (Ser32/36), IκBα, phosphorylated p65 (Ser526), p65, and β-tubulin in the NC- or miR-181c-5p agomir-transfected
H9C2 cardiomyocytes with or without H/R stimulation. Protein presence of phosphorylated IκBα (Ser32/36), IκBα, and phosphorylated
p65 (Ser526) was normalized to IκBα, β-tubulin, and p65, respectively. (d) mRNA expression of NFκB-dependent genes, including IL-1β,
IL-6, and TNFα in the NC- or miR-181c-5p agomir-transfected H9C2 cardiomyocytes with H/R stimulation. mRNA levels are expressed
as fold changes against those mRNA expressions in NC-transfected H9C2 cardiomyocytes with no stimulation. Data are shown as means
± SEM; ∗P < 0:05 vs. CTL, #P < 0:05 vs. NC agomir (NC) (two-tailed unpaired Student’s t-test in (a, d) and two-way ANOVA followed by
Bonferroni test in (b, c)), n = 5.
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in the proinflammatory responses of cardiomyocytes to LPS
stimulation. In the unstimulated H9C2 cells, there was a
trend towards a reduced phosphorylation of IκBα (Ser32/36)
in miR-181c-5p agomir-transfected H9C2 cells, which how-
ever did not reach statistical significance (Figure 4(b)). Fur-

thermore, overexpression of miR-181c-5p significantly
enhanced LPS-induced degradation of IκBα and phosphory-
lation of IκBα (Ser32/36) and p65 (Ser536) (Figure 4(b)). In
contrast, inhibition of miR-181c-5p significantly attenuated
LPS-induced degradation of IκBα and phosphorylation of
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Figure 3: Inhibition of miR-181c-5p suppressed NFκB-mediated inflammation in H9C2 cardiomyocytes in response to H/R stimulation.
Inhibition of miR-181c-5p attenuated the H/R-induced LDH release (a). (b) Representative Western blots of phosphorylated IκBα
(Ser32/36), IκBα, phosphorylated p65 (Ser526), p65, and β-tubulin in the anti-NC- or miR-181c-5p antagomir (anti-miR-181c-5p)-
transfected H9C2 cardiomyocytes with or without H/R stimulation. Protein presence of phosphorylated IκBα (Ser32/36), IκBα and
phosphorylated p65 (Ser526) was normalized to IκBα, β-tubulin, and p65, respectively. (c) mRNA expression of NFκB-dependent genes,
including IL-1β, IL-6, and TNFα in the anti-NC- or anti-miR-181c-5p-transfected H9C2 cardiomyocytes with H/R stimulation. mRNA
levels are expressed as fold changes against those mRNA expressions in anti-NC-transfected H9C2 cardiomyocytes with no stimulation.
Anti-NC: negative control of miR-181c-5p antagomir; data are shown as means ± SEM; ∗P < 0:05 vs. CTL, #P < 0:05 vs. NC antagomir
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Figure 4: miR-181c-5p exacerbated LPS-induced NFκB signalling in H9C2 cardiomyocytes. Increased expression of miR-181c-5p in
lipopolysaccharide (LPS, 3 μg/ml, 21 h) stimulated H9C2 cardiomyocytes (a). (b) Representative Western blots of phosphorylated IκBα
(Ser32/36), IκBα, phosphorylated p65 (Ser526), p65, and β-tubulin in the NC- or miR-181c-5p agomir-transfected H9C2 cardiomyocytes
with or without LPS stimulation. (c) Representative Western blots of phosphorylated IκBα (Ser32/36), IκBα, phosphorylated p65 (Ser526),
p65, and β-tubulin in the anti-NC- or miR-181c-5p antagomir (anti-miR-181c-5p)-transfected H9C2 cardiomyocytes with or without LPS
stimulation. Protein presence of phosphorylated IκBα (Ser32/36), IκBα, and phosphorylated p65 (Ser526) was normalized to IκBα, β-
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IκBα (Ser32/36) and p65 (Ser536) (Figure 4(c)). Taken
together, these results suggested that miR-181c-5p enhances
NFκB signalling in response to LPS stimulation in H9C2
cardiomyocytes.

3.5. Reduction of PTPN4 Mediated the Proinflammatory
Effect of miR-181c-5p in H9C2 Cardiomyocytes.We have pre-
viously reported that miR-181c-5p can directly bind to the 3′
-untranslated region of PTPN4 [17]. Consistently, overexpres-
sion of miR-181c-5p leads to significant reduction of protein
expression of PTPN4 in cardiomyocytes (Figure 5(a)). In addi-
tion, the expressions of PTPN4 mRNA and protein were both
significantly reduced in the H/R or LPS-treated H9C2 cells
when compared with unstimulated cells (Figures 5(b)–5(e)).
Furthermore, the levels of PTPN4 mRNA and protein were
also significantly suppressed in the postischemic myocardium
of rat (Figures 5(f) and 5(g)), indicating that PTPN4 may be
the potential target of miR-181c-5p. The protein level of
PTPN4 was also measured in the H9C2 cells transfected with
miR-181c-5p agomir or antagomir with or without H/R stim-
ulation. Overexpression of miR-181c-5p led to significant
reduction of PTPN4 at basal condition, and the PTPN4
expression was further reduced in miR-181c-5p agomir-
transfected cells after H/R stimulation (Figure 5(h)). In
contrast, inhibition of miR-181c-5p led to significant incre-
ment of PTPN4 in both basal and H/R-stimulated condition
(Figure 5(i)). Taken together, these observations lend further
support to the interpretation that PTPN4 is the downstream
target of miR-181c-5p.

Although emerging evidence has demonstrated that
PTPN4 inhibits Toll-like receptor 4/NFκB signalling in
mouse peritoneal macrophages [18], it is still unclear whether
or not PTPN4 suppresses NFκB-mediated proinflammatory
responses in cardiomyocytes, especially in the context of
H/R-stimulation. To further explore whether PTPN4 knock-
down can reproduce the proinflammatory effect of miR-
181c-5p, PTPN4 knockdown model was established in
H9C2 cardiomyocytes by using siRNA technology, and these
cells were subsequently subjected to normoxia or H/R stimu-
lation. Transfection of PTPN4 siRNA significantly reduced
the endogenous protein levels (Figure 6(a)) of PTPN4 in
H9C2 cells when compared with mock-transfected cells. As
anticipated, PTPN4 knockdown significantly enhanced
H/R-induced degradation of IκBα, phosphorylation of IκBα
(Ser32/36) and p65 (Ser536) (Figure 6(b)), and mRNA expres-
sion of NFκB-mediated proinflammatory cytokines (includ-
ing IL-1β, IL-6, and TNFα) (Figure 6(c)). To strengthen the
notion that reduction of PTPN4 mediates the proinflamma-
tory effect of miR-181c-5p during H/R-induced cell injury,
the H9C2 cells were cotransfected with miR-181c-5p antago-
mir and PTPN4 siRNA and subjected to H/R stimulation.
Transfection of miR-181c-5p antagomir alone significantly
attenuated phosphorylation of IκBα (Ser32/36), degradation
of IκBα, and phosphorylation of p65 (Ser536) upon H/R
stimulation, while cotransfection of miR-181c-5p antagomir
and PTPN4 siRNA cancelled the anti-inflammatory effect
of miR-181c-5p antagomir, as evidenced by enhanced
phosphorylation of IκBα (Ser32/36), degradation of IκBα,
and phosphorylation of p65 (Ser536) (Figure 6(d)). Collec-

tively, these results demonstrated that miR-181c-5p may
exacerbate NFκB signalling pathway and thus aggravate
cardiomyocyte inflammation and cell injury by directly
targeting PTPN4 expression in H9C2 cardiomyocytes.

4. Discussion

Given the detrimental effect of the sustained NFκB activation
in the ischemic heart disease [5, 6], examining ways to atten-
uate excessive NFκB-mediated inflammation is of clinical
interest to combat cardiac I/R injury. The present study dem-
onstrated that the NFκB activity was significantly increased,
with concomitantly upregulated miR-181c-5p level in the
postischemic myocardium and H/R-stimulated H9C2 cardi-
omyocytes when compared to the control groups, suggesting
that increased level of miR-181c-5p may be involved in the
NFκB-mediated inflammation during myocardial I/R injury.
Indeed, overexpression of miR-181c-5p exacerbated H/R-
induced cell injury (greater LDH leakage), and its proinflam-
matory effect in cardiomyocytes involves activation of NFκB
signalling pathway, as evidenced by enhanced degradation of
IκBα, increased level of phosphorylated IκBα (Ser32/36) and
phosphorylated p65 (Ser536), and augmented expression of
proinflammatory cytokines in response to H/R stimulation.
In contrast, inhibition of miR-181c-5p in vitro had the oppo-
site effect in NFκB-mediated inflammation. Of note, neither
overexpression nor inhibition miR-181c-5p altered the phos-
phorylated IκBα (Ser32/36) or total IκBα at basal condition.
The proinflammatory effect of miR-181c-5p may require
the suppression or elevation of some other molecules during
H/R. Indeed, in response to H/R, multiple signalling path-
ways were altered, such as hypoxia-inducible factor 1-α
(HIF-1α) [20] and cyclooxygenase-2 (COX-2) [19], both of
which are involved in the H/R-induced inflammation. How-
ever, whether HIF-1α, COX-2, or other molecules work as
cofactors and participate in the proinflammatory effect of
miR-181c-5p are still unclear and warrants further investiga-
tion. Taken together, these results indicated that miR-181c-
5p enhances NFκB-mediated inflammation in cardiomyo-
cytes in response to H/R stimulation.

In addition to explore the role of miR-181c-5p in H/R
stimulation induced inflammation, LPS was used in the
present study as another stimulus to activate NFκB signalling
pathway in H9C2 cardiomyocytes. In response to LPS
stimulation, IκBα is phosphorylated at serine 32 and 36,
followed by ubiquitination and proteasome-mediated degra-
dation [25, 26], leading to the dissociation of IκBα fromNFκB.
The activated NFκB moves into the nucleus and binds to
specific sequences of DNA κB sites resulting in the transcrip-
tion of NFκB-mediated genes [25, 26]. As a component of
the bacterial cell wall, LPS has been widely used to establish
sepsis model in vivo and in vitro, because LPS induces pro-
found inflammation and pathological consequences similar
to those found during sepsis [27, 28]. Sepsis, an acute inflam-
matory disease, is a life-threatening condition that follows
bacterial infection [29, 30]. Cardiac dysfunction could be an
important consequence of sepsis/septic shock and contributes
to the high mortality because of the elevated inflammation
[29, 30]. In the present study, overexpression of miR-181c-
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5p further enhanced LPS-induced NFκB signalling, whereas
inhibition of miR-181c-5p attenuated LPS-stimulated NFκB
activation. These observations not only consolidate the proin-
flammatory effect of miR-181c-5p in cardiomyocytes but also

open an exciting research field to investigate the role of miR-
181c-5p in cardiac dysfunction during the pathogenesis of
sepsis and/or in during the likewise inflammation subsequent
to myocardial I/R. To the best of our knowledge, the
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Figure 5: PTPN4 is the potential target of miR-181c-5p. Overexpression of miR-181c-5p results in reduced levels of protein expression (a) of
PTPN4 in H9C2 cardiomyocytes. (b) mRNA and (c) protein expression in H9C2 cardiomyocytes with or without H/R stimulation. (d)
mRNA and (e) protein expression in H9C2 cardiomyocytes with or without LPS stimulation. (f) mRNA and (g) protein expression in the
postischemic myocardium of rat. Representative Western blots of PTPN4 and GAPDH in the miR-181c-5p agomir (h) or antagomir (i)-
transfected H9C2 cardiomyocytes with or without H/R stimulation. Protein presence of PTPN4 was normalized to β-tubulin or GAPDH.
mRNA levels are expressed as fold changes against the mRNA expression in H9C2 cardiomyocytes with no stimulation or myocardium in
Sham group. Anti-NC: negative control of miR-181c-5p antagomir; data are shown as means ± SEM; ∗P < 0:05 vs. NC agomir (NC) vs.
CTL or vs. Sham or vs. CTL-NC agomir (NC) or vs. CTL-NC antagomir (anti-NC), #P < 0:05 vs. H/R-NC or vs. H/R- anti-NC (two-tailed
unpaired Student’s t-test in (a–g) and two-way ANOVA followed by Bonferroni test in (h, i)), n = 5.
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Figure 6: Reduction of PTPN4 mediated the proinflammatory effect of miR-181c-5p in H9C2 cardiomyocytes. (a) Transfection of cells with
PTPN4 siRNA (PTPN4KD) resulted in significant reduction of PTPN4 protein level in H9C2 cardiomyocytes. (b) Representative Western
blots of phosphorylated IκBα (Ser32/36), IκBα, phosphorylated p65 (Ser526), p65, and β-tubulin in the scramble siRNA or PTPN4 siRNA
transfected H9C2 cardiomyocytes with or without H/R stimulation. (c) mRNA expression of NFκB-dependent genes, including IL-1β, IL-
6, and TNFα in the scramble siRNA or PTPN4 siRNA-transfected H9C2 cardiomyocytes with H/R stimulation. mRNA levels are
expressed as fold changes against those mRNA expressions in scramble siRNA-transfected H9C2 cardiomyocytes with no stimulation. (d)
Representative Western blots of phosphorylated IκBα (Ser32/36), IκBα, phosphorylated p65 (Ser526), p65, and GAPDH in the H9C2
cardiomyocytes cotransfected with miR-181c-5p antagomir and PTPN4 siRNA and subjected to H/R stimulation. Protein presence of
phosphorylated IκBα (Ser32/36), IκBα, and phosphorylated p65 (Ser526) was normalized to IκBα, β-tubulin/GAPDH, and p65, respectively.
Data are shown as means ± SEM; ∗P < 0:05 vs. CTL or vs. NC agomir (NC) or no treatment group, #P < 0:05 vs. PTPN4WT or vs. H/R
+miR-181c-5p antagomir, $P < 0:05 vs. H/R (two-tailed unpaired Student’s t-test in (a, c), two-way ANOVA followed by Bonferroni test
in (b), and one-way ANOVA followed by Bonferroni test in (d)), n = 5.
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proinflammatory effect of miR-181c-5p in sepsis, especially
sepsis-induced myocardial dysfunction has not been explored
yet but is worth further investigation.

In response to different stimuli, besides to the classical
phosphorylation sites of IκBα at serine 32 and 36, phosphor-
ylation of IκBα at tyrosine residue 42 also mediates the
degradation of IκBα and the subsequent NFκB activation
[31, 32]. In a T lymphocytic cell line (EL4), mutation of
Ser32/36 in IκBα had no effect on H2O2-induced NFκB activa-
tion, but mutation of tyrosine 42 abolished NFκB activation
by H2O2 [31]. Consistently, the cardiac NFκB activation
was completely blocked in a murine model which expressed
the mutant IκBα (S32A, S36A, Y42F) in a cardiac-specific
manner, while in the mice expressed two mutant IκBα
(S32A, S36A), the NFκB activation was only partially blocked
(70-80%), indicating that phosphorylation of IκBα at tyro-
sine residue 42 mediates NFκB activation independent of
Ser32/36 phosphorylation in IκBα [32]. In addition, in HepG2
liver cells, in response to TNFα, activated cytosolic calpains
has been shown to degrade IκBα and activate NFκB signalling
independently of the ubiquitin-proteasome pathway [33]. In
the present study, overexpression of miR-181c-5p leads to
the phosphorylation of IκBα at Serine 32 and 36, IκBα degra-
dation and NFκB activation in H9C2 cells in response to
H/R. However, whether or not miR-181c-5p may affect the
phosphorylation of IκBα at tyrosine residue 42 or cytosolic
calpains activity is still unclear and merits further studies.

During the course of our study, we noticed that there
are some studies reported that miR-181c-5p can attenuate
excessive neuroinflammation through directly targeting the
3′-untranslated region of TNFα mRNA, suppressing its
mRNA and protein expression in rat microglial cells after
ischemia injury [15], which is opposite to our findings that
miR-181c-5p exerts proinflammatory effect through
enhanced NFκB signalling in cardiomyocytes. The different
cell types (BV-2 microglial cells vs. H9C2 cardiomyocytes)
could be the main explanation regarding the discrepancy
between our and others’ study. The proinflammatory effect
of miR-181c-5p may be cell specific. Similarly, the inhibi-
tory effect of miR-181b (another member in miR-181
family) on NFκB activation was specific to endothelial cells
but not observed in other cell types, such as peripheral
blood mononuclear cells [14]. Additionally, the expression
pattern of miR-181c-5p varies in different cell types in
response to stimulation. In oxygen-glucose deprivation
activated BV-2 cells, there was significantly reduced level
of miR-181c-5p in a time-dependent manner when com-
pared with nonstimulated cells [15]. However, in the pres-
ent study, in H9C2 cardiomyocytes, the expression of
miR-181c-5p was significantly upregulated in response to
H/R or LPS stimulation. Furthermore, in our study, trans-
fection with miR-181c-5p agomir leads to an approxi-
mately 6000-fold increase of miR-181c-5p level, whereas
there is only 20-fold increase of miR-181c-5p in others’
work [15], which may also be viewed as a discrepancy
between our and others’ study. Moreover, the unaltered
mRNA expression of TNFα in the H9C2 cardiomyocytes
with miR-181c-5p overexpression also rules out the possi-
bility that miR-181c-5p can directly target 3′-untranslated

region of TNFα mRNA in the current experimental set-
ting. In addition, loss of miR-181c-5p in the mitochondrial
compartment shows cardioprotective effects during myo-
cardial I/R injury [34]. In another study, miR-181c-5p
aggravates brain injury in acute ischemic stroke through
enhancement of apoptosis of microglia and neurons [16].
Taken together, these studies provide additional evidence
that miR-181c-5p may play detrimental (proinflammatory)
roles during ischemic attack.

We recently reported that miR-181c-5p exacerbates cardi-
omyocytes injury and apoptosis by directly targeting the 3′
-untranslated region of PTPN4 [17]. This target was substan-
tiated through several lines of evidence: (1) overexpression of
miR-181c-5p results in the significantly reduction of protein
level of PTPN4 in H9C2 cardiomyocytes, which has also been
repeated in the present study; (2) significant reduction of
mRNA and protein level of PTPN4 in H9C2 in H/R or LPS-
treated H9C2 cardiomyocytes and postischemic myocardium
of rat; (3) complementary sequence of miRNA-181c-5p was
located on the positions from 4915 to 4921 or from 6333 to
6339 (or both) on the 3′UTR of rat PTPN4 mRNA, and there
were 7 pairs of Watson-Crisk match; (4) mutation of miR-
181c-5p binding sites blocked miR-181c-5p-mediated repres-
sion of PTPN4 in 293T cells [17]; (5) PTPN4 knockdown
recapitulated the proapoptotic effect of miR-181c-5p in
H9C2 cardiomyocytes. In addition to its reported effects in
protecting against cell apoptosis, PTPN4 has been also
reported to suppress Toll-like receptor 4 and may inhibit its
downstream NFκB signalling in mouse peritoneal macro-
phages [18]. These findings prompted us to hypothesize that
miR-181c-5p may enhance NFκB-mediated inflammation
through targeting PTPN4 in H9C2 cardiomyocytes. In line
with this speculation, siRNA-mediated knockdown of PTPN4
expression reproduced the proinflammatory effect of miR-
181c-5p on NFκB signalling in cardiomyocytes, as evidenced
by the increased H/R-induced degradation of IκBα, phosphor-
ylation of IκBα (Ser32/36) and p65 (Ser536), and mRNA expres-
sion of NFκB-mediated proinflammatory cytokines (including
IL-6, IL-1β, and TNFα]. Furthermore, cotransfection with
miR-181c-5p antagomir and PTPN4 siRNA cancelled the
anti-inflammatory effect of miR-181c-5p antagomir. Taken
in conjunction, these findings implicate that miR-181c-5p
may serve as a regulator of NFκB-mediated inflammation
through targeting PTPN4 in H9C2 cardiomyocytes. It is still
unclear whether or not miR-181c-5p targets PTPN4 and
exerts proinflammatory effect in vivo during I/R injury and
warrants investigation in the future study by using miR-
181c-5p knockout/overexpression mice.

5. Conclusion

In conclusion, the present study demonstrates that miR-
181c-5p is involved in the enhanced NFκB-mediated inflam-
mation through targeting PTPN4 during myocardial I/R
injury or H/R-stimulated cardiomyocyte injury. These obser-
vations suggest that increased miR-181c-5p level may serve
as a potential risk factor, and future studies will focus on
the potential clinical use of miR-181c-5p to combat inflam-
matory diseases, including ischemic heart disease.
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