SCIENTIFIC REPLIRTS

Mitigation Effect of
Proanthocyanidin on Secondary
'Heart Injury in Rats Caused by
inese: Mechanical Trauma

Published: 15 March 2017 Shuo Ma, Chong Chen, Tingting Cao, Yue Bi, Jicheng Zhou, Xintao Li, DeqinYu &

Shuzhuang Li

Multiple organ dysfunctional syndrome secondary to mechanical trauma (MT) has attracted
considerable research attention. The heart is one of the most important organs of the body, and
secondary cardiac insufficiency caused by MT seriously affects the quality of life. This study aims to

. investigate whether proanthocyanidin can alleviate myocardial injury and improve heart function in

. the process of MT leading to secondary cardiac insufficiency. Noble-Collip drum wasused to prepare

© MT model in rats. And myocardial apoptosis index was calculated after TUNEL staining. Ventricular
intubation was employed to detect heart function. Changes in myocardial ultrastructure were
observed using an electron microscope. ELISA was used to detect the content of TNF-c. and reactive
oxygen species generated from monocytes and cardiomyocytes. The changes in Ca?* concentration
in cardiomyocyte were observed by confocal microscope. Compared with trauma group, the
administration group had a decreased apoptosis index of cardiomyocytes, and increased +dp/dtmax.
Meanwhile, proanthocyanidin can inhibit monocytes’ TNF-a production, and reduce plasma TNF-a
concentration. Moreover, proanthocyanidin can attenuate the excessive oxidative stress reaction of
cardiomyocyte, and inhibit calcium overload in cardiomyocytes. In conclusion, proanthocyanidin can
effectively ease myocardial damage and improve cardiac function, through anti-inflammatory and
antioxidant effects in secondary cardiac insufficiency caused by MT.

° Mechanical trauma (MT) is the organ dysfunction or structure damage subjected to mechanical violence. There
. are many causes of MT, blunt and penetrating, including falls, motor vehicle collisions, and gunshot wounds.
: Multiple organ dysfunctional syndrome (MODS) secondary to MT has been given particular attention in current
. medical research of trauma'~. After blunt chest trauma and crush injury, some patients do not have coronary
. artery transection injury, cardiac contusion, and primary cardiac injury during early clinical observation period,
. but present secondary cardiac insufficiency in the later period of trauma*®. The heart is one of the most important
© organs of the body and secondary cardiac insufficiency caused by MT seriously affects quality of life*5”.
Studies showed that significant myocardial cell apoptosis can be found 6 hours after trauma, reaching the peak
in 12hours. Then, cardiac dysfunction occurs in rats. Thus, myocardial cell apoptosis in rats caused by MT is an
important pathological basis of secondary cardiac insufficiency. Meanwhile, a significant rise of reactive oxygen
. free radicals (ROS) in plasma after MT in rats is an important cause of myocardial cell apoptosis in rats®1°. Our
: previous experiments proved that, the upstream mediators resulting in myocardial cell apoptosis after MT exists
. in plasma, mainly from the injured tissue and blood, but not from the heart muscle. Pharmacological and gene
. knockdown analyses showed that the pathological medium is mainly TNF-cv. Triggering the overexpression of

iNOS/NADPH oxidase can increase NO and superoxide anion production, followed by an increase of ONOO~

formation, and the enhancement of caspase-3 activity, thereby causing myocardial cell apoptosis'®!!. Therefore,
. during the pathological process of secondary cardiac insufficiency caused by MT, drugs that can effectively inhibit
. the release of the inflammatory mediator TNF-c and the production of superoxide anion are desired for effec-
. tively reducing myocardial cell apoptosis and improving heart function, and thus improving the survival rate of
. patients with MT.
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Figure 1. GSPE can effectively inhibit myocardial cell apoptosis in rats caused by MT. GSPE attenuated
trauma induced cardiomyocyte apoptosis determined by TUNEL staining (A,B) and caspase-3 activation (C).
Cardiomyocytes’ total nuclei were determined by DAPI staining (blue), and apoptotic nuclei were identified by
positive TUNEL staining (green) were counted using an image analysis program and the apoptotic index was
automatically calculated (number of positively stained myocytes/total number of myocytes x 100%); Caspase-3
activity was detected by a fluorescent kit and normalized against the mean value of the trauma group. n=>5 rats
in each group. **P < 0.01 vs CON group, **P < 0.01 vs T group.

Proanthocyanidin (PC) is a natural polyphenolic compound with antioxidant, anti-inflammatory, and antitu-
mor effects, which widely exist in plants, especially grape seed. Grape seed proanthocyanidin extract (GSPE) has
been widely studied because it contains high amount of phenolic hydroxyl groups, which endow its antioxidant
and free-radical scavenging capacity'?"'>. Moreover, GSPE is a natural, effective antioxidant, with good water solu-
bility and high bioavailability, and can be absorbed by the body. With the continuous improvement of purification
methods'¢, GSPE has a good prospect for practical application in terms of guaranteed activity. This study aims to
investigate whether proanthocyanidin extracted from grape seeds can effectively alleviate myocardial injury and
improve heart function through its anti-inflammatory and antioxidative effects in the pathological process of MT
leading to secondary myocardial cell apoptosis in rats, and provide a theoretical basis for developing proanthocy-
anidin as a drug for preventing secondary cardiac insufficiency caused by MT and MODS secondary to trauma.

Results

GSPE effectively inhibit myocardial cell apoptosis in rats caused by MT. In 12hours after
200r-strength MT, myocardial tissues were obtained after rat was anesthetized, and sample slices were prepared.
TUNEL staining was employed for comparing the difference in the number of apoptosis myocardial cells among
groups. The result showed that the number of apoptosis myocardial cells in administration group was signifi-
cantly lower than that in the trauma group. The corresponding apoptosis coefficient was calculated (2.68 £ 0.35
vs. 7.96 £0.52, P < 0.01) and caspase-3 content quantitative analysis index was determined (1.24 £ 0.11 vs.
1.95+0.11, P <0.01). These indexes were obviously lower than in the administration group than those in the
trauma group. Thus, GSPE can effectively inhibit myocardial cell apoptosis 12 hours after non-lethal MT in rats
(Fig. 1).

GSPE effectively improve cardiac insufficiency in rat caused by MT.  Left ventricular intubation was
applied 12 hours after 200r-strength MT in rats. The changes in left ventricular pressure waveforms were recorded,
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Figure 2. GSPE can effectively improve cardiac insufficiency in rat caused by MT. The typical left ventricular
cavity pressure tracing of control group (A), Trauma group (B), Trauma+ GSPE group (C), Trauma+ Vehicle
group (D). Left ventricular developed pressure (LVDP) (E), +dP/dt,,,, (F), and —dP/dt,,,, (G) were measured
in traumatic rats with treatment of GSPE (12 h after 200 revolutions’ trauma). n =5 rats in each group. *P < 0.01
vs CON group, **P < 0.01 vs Trauma group.

and the LVDP, +dp/dtmax and —dp/dtmax index, which reflect ventricular diastolic function, were calculated.
The results showed that the LVDP (85.67 £ 1.77 vs. 67.00 & 3.22 mmHg, P < 0.01), +dp/dtmax (4.30 £0.17 vs.
3.30 £0.12mmHg/ms, P < 0.01) and —dp/dtmax (3.97 £ 0.09 vs. 3.21 +0.12 mmHg/ms, P < 0.01) in the admin-
istration group were significantly increased compared with the trauma group, and the heart function of rat was
significantly improved (Fig. 2).

GSPE improve the changes in rat myocardial ultrastructure caused by MT. In 12hours after
200r-strength MT, myocardial tissues were obtained after rat was anesthetized. After treatment, a transmission
electron microscope was used for observation. Compared with the normal group, electron microscope analy-
ses showed that the rat myocardial ultrastructure in the trauma group exhibited condensed chromatin in part
of nucleus and distributed in the edge of nuclear membrane in blocks; in addition, the nuclear morphology
was abnormal, the nuclear membrane changed in continuity, and the nuclear membrane invaginated and wrin-
kled. After drug interference, chromatin condensation of rat myocardial cells was obviously eased, and nuclear
morphology had recovered. Moreover, compared with the normal group, myocardial cell’s mitochondria in the
trauma group were swollen with disrupted crest, and the individual parts of mitochondria were dissolved, show-
ing vacuole formation. After GSPE interference, mitochondrial swelling was eased and the number of formed
vacuoles was reduced (Fig. 3).

GSPE reduced circulating TNF-a level.  In our previous study, cardiomyocytes were cultivated with cyto-
mix (a mixture of IFN-~, IL-183, and TNF-a) and with IFN-~, IL-103, or TNF-a alone. The caspase-3 activation of
cardiomyocytes incubated with cytomix and TNF-a was much higher than that with normal plasma. In addition,
the exposure of normal cardiomyocytes to TP revealed apparent cell apoptosis; this phenomenon was virtually
abolished through the incubation of TP with anti-TNF-a or TP isolated from TNF-a—/— mice, indicating that
TNF-« plays a critical role in cardiac injury after MT!!.
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Figure 3. GSPE can improve the changes in rat myocardial ultrastructure caused by MT. (a) Normal
myocardial cell’s nucleus for reference (15000x). Finely granular appearance of chromatin is present. (b) Trauma
group exhibited condensed chromatin in part of nucleus and distributed in the edge of nuclear membrane in
blocks (15000x). (¢) After drug interference, chromatin condensation of rat myocardial cells was obviously
eased, and nuclear morphology had recovered (15000x). (d) Trauma+-Vehicle group The nuclear morphology
was still abnormal, the nuclear membrane changed in continuity, and the nuclear membrane invaginated and
wrinkled (15000x). (e) Normal myocardial cell’s mitochondria for reference (15000x). (f) Myocardial cell’s
mitochondria in the trauma group were swollen, and the individual parts of mitochondria were dissolved,
showing vacuole formation (15000x). (g) After GSPE interference, mitochondrial swelling was eased and the
number of formed vacuoles was reduced (15000x). (h) Trauma+Vehicle group (15000x). n =3 rats in each
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Figure 4. Plasma TNF-o concentration induced by trauma can be attenuated by GSPE. The figure shows
the serum concentration of TNF-« 1.5h after trauma, which was significantly attenuated by pretreatment with
GSPE (40 mg/kg i.p. 0.5h before trauma). n=3~5 rats in each group. *P < 0.01 vs NP group, **P < 0.01 vs TP
group.

One and a half hours after non-lethal MT, aortic blood of rats was obtained to extract plasma and detect the
content of TNF-a. ELISA kits were used to determine the amount of TNF-« in the circulatory system 1.5hours
after MT in the four groups. Compared with the trauma group, the content of TNF-q in rat plasma in the admin-
istration group had decreased (25.08 +-0.71 vs. 33.22 4 0.78 pg/ml, P < 0.01) (Fig. 4). With GSPE pretreatment,
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Figure 5. The viability of H9c2 cells was influenced by GSPE concentration. Cells were incubated for 24h in
a 96-well microplate with various concentrations of GSPE (60, 80, 100, 120 and 140 pg/ml). The cytotoxicity of
GSPE was evaluated using MTT assay kit, and expressed as a percentage of viable cells comparing to the control
group. GSPE showed no cytotoxicity at the concentrations of 60 pug/ml, 80 pg/ml as well as 100 pg/ml, which
decreased significantly at the concentrations of 120 ug/ml and 140 pg/ml. n=3 per group, “P < 0.01 vs. Control
group.
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Figure 6. Trauma Induced myocardial cells’ ROS overproduction can be effectively attenuated by GSPE.
Intracellular ROS production was determined using DCFH-DA. H9¢2 cell oxidative stress was initiated by TP,
and was significantly attenuated by pretreatment with GSPE (100 pg/ml), **P < 0.01 vs NP group, **P < 0.01 vs
TP group.

overproduction of TNF-a was significantly inhibited, whereas there was no apparent change in TNF-c in the
Trauma+-Vehicle group compared with the trauma group.

Suitable concentration of GSPE for H9¢2 cells.  The aim of the present study was to gain a better under-
standing of the anti-inflammatory and antioxidant effects of GSPE in secondary cardiac insufficiency caused by
MT. Firstly, MTT assay was performed to determine the appropriate concentration of GSPE in H9¢2 cells for
in vitro test. Cells were treated with GSPE at concentrations of 60, 80, 100, 120, or 140 ug/ml for 24 hours. As shown
in Fig. 5, no significant difference in viability was observed at the GSPE concentrations of 60, 80 and 100 jug/ml.
The significant cytotoxic effect of GSPE was observed at the concentration of 120 pg/ml. Thus, concentrations
under 100 pg/ml would be safe for H9¢2 cells.

GSPE suppressed ROS overproduction in H9c2 cells. Oxidative stress was proven in our previous
study to play an important role in MT-induced cardiomyocyte apoptosis. Therefore, we examined the protective
effect of GSPE on TP-induced oxidative imbalance in H9¢c2 cells. Trauma plasma (50% volume fraction) was used
to stimulate H9¢c2 myocardial cells. Rat myocardial cell model by MT in inflammatory mediators was constructed
through stimulation to further detect ROS content of myocardial cells. The ROS content in the trauma group
was significantly higher than that in the control group (1.32 £ 0.05 vs. 1.05+0.03, P < 0.01). The ROS content in
the drug interference group was significantly lower than that in the trauma plasma (1.00 £ 0.05 vs. 1.32 4 0.05,
P <0.01), close to that in the control group (1.0040.05 vs. 1.05 £ 0.03, P > 0.05) (Fig. 6).
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Figure 7. LPS induced monocytes’ TNF-o overproduction can be effectively attenuated by GSPE. TNF-«
concentration of THP-1 cells incubated with LPS (1 pg/ml) for 12h. #P < 0.01 vs CON group, **P < 0.01 vs LPS

group.
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Figure 8. LPS Induced THP-1 cells’ ROS overproduction can be effectively attenuated by GSPE. The figure
shows the intracellular ROS accumulation determined by using DCFH-DA in THP-1 cells. And the ROS
overproduction induced by LPS was significantly attenuated by pretreatment with GSPE (100 pg/ml), **P < 0.01
vs CON group, **P < 0.01 vs LPS group.

GSPE attenuated LPS-induced monocytes’ TNF-o overproduction. Lipopolysaccharide (LPS),
as a powerful inflammation factor, can activate monocyte macrophage, and enhance the expression of TNF-a
gene, causing the abnormal increase of plasma TNF-a. After stimulation of THP-1 cell by LPS for 12 hours, the
supernatant was taken after centrifugation to detect the content of TNF-a. Compared with the LPS group, the
production of TNF-a from the THP-1 cells after incubation with GSPE through stimulation with LPS in LPS+
GSPE group had obviously decreased (26.97 £0.72 vs. 58.07 = 0.92 pg/ml, P < 0.01) (Fig. 7). Thus, GSPE can
effectively inhibit the production of TNF-« in mononuclear cells and reduce the content of the inflammatory
mediator TNF-avin rat plasma after MT, thereby playing an anti-inflammatory effect.

GSPE attenuated trauma-induced THP-1 cell’'s ROS overproduction. ROS can also activate mono-
cyte macrophage, and enhance the expression of TNF-« gene, causing the abnormal increase of TNF-a concen-
tration in plasma. The ROS content of THP-1 cells after incubation with GSPE through stimulation of LPS in
the LPS+GSPE group was significantly lower than that in the LPS group (1.16 4-0.04 vs. 1.87 £0.03, P < 0.01)
(Fig. 8). Thus, GSPE can inhibit excessive oxidative stress reaction of myocardial cells and mononuclear cells
stimulated by LPS in the microenvironment of inflammatory mediators, and effectively play its anti-inflammatory
and antioxidant effects in the pathological process of MT leading to secondary cardiac insufficiency in rats.

GSPE ameliorated TP-induced H9c2 cell calcium overload. The fluorescence intensity of Ca?* in a
large number of H9c2 cells after the stimulation of TP in the trauma plasma group gradually increased compared
with the normal group (2.80 £0.15 vs. 1.68 £0.16, P < 0.01). After drug interference, the number of myocardial
cells in the trauma plasma groups was reduced (1.8440.23 vs. 2.8040.15, P < 0.01), with decreasing fluorescence
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Figure 9. GSPE decreases myocardial Intracellular Ca>" generation after trauma. (A) Representative images
from confocal laser scanning microscope images of Ca*" fluorescence in cells. (B) Ca?" fluorescence intensity
was indexed by AF/F (F, represents the average fluorescence levels measured in the former 60 s, while F was
the average fluorescence level in the later 180 s duration). n=20~30 cells in each group. *P < 0.01 vs CON
group, **P < 0.01 vs Trauma group.

intensity, close to normal group (1.8440.23 vs. 1.68 +0.16, P > 0.05). Thus, GSPE has an inhibitory effect on the
abnormal rise of the content Ca?* in myocardial cells caused by MT, i.e., calcium overload. (Fig. 9).

Discussion

The application of GSPE as a powerful antioxidant in organ protection has attracted increasing attention'”!8,
Studies have shown that GSPE can effectively protect the body against hepatotoxicity, nephrotoxicity caused by
a variety of drugs, chemicals!*?, and even improve beta-cell functionality under lipotoxic conditions?'. GSPE
can also play a neuroprotective effect by scavenging ROS to treat patients with ischemic stroke??. Moreover, after
administration of GSPE, the heart of rat treated by ischemia/reperfusion showed significantly smaller infarct
size than that in the control group, with significantly improved ventricular function?**. Thus, this study aims to
investigate whether GSPE can effectively alleviate myocardial cell apoptosis and improve heart function through
its anti-inflammatory and antioxidative effects in the pathological process of MT leading to secondary cardiac
insufficiency in rats.

Oxidative stress plays a critical role in the occurrence and development of ischemic heart disease, hyperten-
sion, arteriosclerosis, congestive heart failure and various cardiovascular diseases®™?’. During the pathological
process of secondary cardiac insufficiency caused by MT, myocardial superoxide anion and NO are produced
massively, with rising ONOO™~ formation and enhanced caspase-3 activity, thereby causing myocardial cell
apoptosis, nuclear chromatin margination, mitochondrial swelling, dissolution and other pathological changes.
Massive production of superoxide anion and NO is one of the important pathological bases of induced secondary
cardiac insufficiency®. This experiment confirmed that after GSPE interference, the ROS content from H9¢c2 cells
stimulated by TNF-o after MT was significantly lower than that in the trauma group. Thus, GSPE can effectively
inhibit excessive ROS production from myocardial cells and block oxidative stress, which is a factor rink causing
myocardial cell apoptosis.

The effect of Ca?* in myocardial cell apoptosis has been widely recognized. Numerous evidence showed that,
when myocardial cell is in the state of oxidative stress, a large number of Ca?" from extracellular and intracellular
organelles (i.e., mitochondria, endoplasmic reticulum) go into the cytoplasm, causing Ca’* overload in myocar-
dial cell and organelle damage, followed by apoptosis. Ca** overload is another important pathological basis of
myocardial cell apoptosis under stress?®?. The results showed that the content of Ca?™ in H9¢2 cells stimulated by
plasma after MT continues to rise. In the GSPE interference group, given that the oxidative stress was inhibited,
the degree of increase of the content of Ca®* in H9¢2 cells was significantly lower than that in the trauma group,
and myocardial cell’s calcium overload was significantly improved.

Patients with serious systemic MT present intestinal barrier dysfunction, causing intestinal bacteria transloca-
tion and the release of toxins into the blood, resulting in a significant increase in the level of LPS in plasma?. LPS,
as a powerful inflammation factor, can activate TLR4 receptor in monocyte macrophage, start downstream NFxB
and MAPK related signal pathway, and enhance the expression of TNF-« and IL-6 gene, causing the abnormal
increase of TNF-q, IL-6 and other inflammatory indicators in plasma, and systemic inflammatory response syn-
drome, even MODS?**-*. Our previous studies showed that abnormally increased TNF-« in plasma can induce
overexpression of INOS/NADPH oxidase, resulting in massive production of NO and superoxide anions in
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Figure 10. The mechanism of myocardial cell apoptosis caused by mechanical trauma. Patients with
systemic mechanical trauma present intestinal barrier dysfunction, causing intestinal bacteria translocation
and the release of toxins into the blood, resulting in a significant increase in the level of LPS in plasma. LPS, as
a powerful inflammation factor, can activate monocytes, and enhance the expression of TNF-a gene, causing
the abnormal increase of TNF-a. And increased TNF-a in plasma can induce overexpression of iINOS/NADPH
oxidase, resulting in massive production of O, and superoxide anions in myocardial tissues. Consequently,
oxidative stress reaction causes damage to the heart, resulting in secondary cardiac insufficiency after
mechanical trauma. The current experiments showed that after GSPE interference, the content of TNF-a from
monocytes stimulated by LPS had decreased significantly, as well as the content of inflammatory indicator
TNF-a in plasma after mechanical trauma. Meanwhile, GSPE can also effectively inhibit excessive ROS
production from myocardial cells and block oxidative stress. Furthermore, the degree of increased Ca**
concentration in cardiomyocytes stimulated by plasma after mechanical trauma was significantly declined in
GSPE interference group, and myocardial cell’s calcium overload was significantly mitigated (as shown in red
arrows).

myocardial tissues and other parts of the body. Consequently, oxidative stress reaction causes damage to the heart,
resulting in secondary cardiac insufficiency after MT'®!! (Fig. 10). Previous studies on GSPE mainly focused on
the antioxidant effect in the aspect of organ protection. The current experiment showed that after GSPE interfer-
ence, the content of TNF-a from THP-1 cells stimulated by LPS had decreased significantly, as well as the content
of inflammatory indicator TNF-« in rat plasma after MT. Thus, GSPE can effectively inhibit the inflammatory
indicator TNF-« in the pathological process of secondary myocardial cell apoptosis and cardiac insufficiency
caused by MT to enhance heart protection from the upstream. The means of realizing this result need further
investigation.

Intracellular Ca?* is used as the second messenger during the processes of LPS-induced activation of TLR4
receptor in mononuclear macrophage and downstream NFxB and MAPK-related signaling pathways. The acti-
vation of the related calcium ion channels plays a critical role in regulating inflammatory indicators®. The TRP
channel superfamily is a cation channel in the cell membrane that includes seven subfamilies. TRPM2 is the
second member of the TRPM subfamily and is distributed in mononuclear cells, myocardial cells, and nerve
cells etc. TRPM2 is a kind of transparent and non-selective cation channel of Ca®" that plays an important role
in oxidative stress reaction®*3°. Wehrhahn J found that the TRPM2-mediated increase of Ca?* in monomuclear
cells is a key link of the LPS-induced activation of monomuclear cells and the release inflammatory factors. After
downregulating the expression of the TRPM2 gene, the release of TNF-q, IL-6 and other inflammatory indicators
from monomuclear cells have decreased®. The intracellular ADPR, NAD, cyclic ADP-ribose (cADPR), NADP,
2'-oxo-acetylated ADPR, and extracellular H,0,, TNF-« are known agonists of the TRPM2 channel®”%. The
current experiment also showed that GSPE can also effectively inhibit excessive oxidative stress reaction pro-
duced from monomuclear cells stimulated by LPS. Further studies are needed to investigate whether GSPE can
reduce H,0,-related and oxidative stress-related ADPR, NAD, cADPR and other agonists of the TRPM2 channel
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through scavenging oxygen free radicals, thus inhibiting the TRPM2-mediated increase of intracellular calcium
ion and reducing the LPS-induced production of TNF-cu.

As a causative role in cardiomyocyte apoptosis after mechanical trauma in rats, TNF-« level peaked at 1.5h
after trauma’®. And in order to guarantee GSPE’s peak level cover the most important period of TNF-« massive
production in rats. GSPE was administered 30 minutes before trauma. This treatment may limit the clinical appli-
cation as it is impossible to treat patients before they were traumatized. Thereafter, further studies are needed to
investigate the effects of GSPE given after trauma.

In summary, GSPE has effective anti-inflammatory and antioxidant effects in the pathological process of sec-
ondary myocardial cell apoptosis and cardiac insufficiency caused by MT, thereby easing myocardial damage and
improving cardiac function. GSPE also has cardio-protective effects. This study provides a theoretical basis for
developing GSPE as a drug for preventing secondary myocardial cell apoptosis and cardiac insufficiency caused
by MT and MODS secondary to trauma.

Methods

Materials. Proanthocyanidin was extracted from grape seeds, purity is more than 99%, which contains
approximately 57% dimeric, 14% trimeric, and 9% tetrameric oligomeric proanthocyanidins, and a small amount
of high-molecular-weight oligomeric procyanidins, purchased from Tianjin Peak Natural Product Research
Development Co., Ltd. (Tianjin, China). DMEM was purchased from Gibco BRL Co., Ltd. (Grand Island, N,
USA). H9c2 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA; CRL-
1446). THP-1 cells were obtained from China Infrastructure of Cell Line Resources. The DCFH-DA ROS
Detection Kit was purchased from Beyotime Institute of Biotechnology (Nanjing, China). The TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labelling) apoptosis detection kit was purchased from
Roche (Shanghai, China). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT), RPMI-
1640 media, 10% heat-inactivated foetal bovine serum (FBS), Fluo-4/Am were purchased from Sigma (USA). The
TNF-« assay kit was purchased from Shenggong (Shanghai, China). The modified Noble-Collip drum was manu-
factured by Dalian University of Technology (Dalian, China)®. The laser confocal microscope was purchased from
Leica Co. (USA). And the electron microscope was JEM-2000EX (Japan). BL-420 biological experimental system
and pressure sensors were purchased from Taimeng Sciences and Technology Limited (Chengdu, China). The
BX51 fluorescence microscope was purchased from Olympus Co. (Japan). The microplate reader was purchased
from BioTek (VT, USA).

Ethics statement. The experiments were performed in accordance with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health and the Guide for the Care and Use of
Laboratory Animals’ protocol published by the Ministry of the People’s Republic of China (issued 3 June, 2004),
and were approved by Dalian Medical University Committee on Animal Care. All surgery was performed under
xylazine and ketamine anesthesia, and all efforts were made to minimize suffering.

Induction of nonlethal mechanical trauma in Rats. The animals were housed in a room maintained
at a constant temperature of 20 2 °C and under a 12:12-h light-dark cycle at 60-80% humidity, with food and
water available ad libitum. All surgery was performed under anaesthesia with a 1:1 mixture of xylazine (10 mg/kg)
and ketamine (70 mg/kg) given by the intraperitoneal route, and all efforts were made to minimize suffering.
Male Sprague Dawley rats (210 £ 20 g) were anesthetized with the mixture of xylazine and ketamine, and were
placed in a Noble-Collip drum (200 revolutions at a rate of 35rpm) to induce a nonlethal mechanical trauma as
we previously described®!%*. The rats were normally active in their cages about 2 hours post-trauma. The 12-hour
survival rate is 95%. The rats were randomized divided into Control group, Trauma group, Trauma-+ GSPE group,
and Trauma+- Vehicle group. The Trauma+ GSPE group and Vehicle group receive one of the following solu-
tions intraperitoneally 30 minutes before trauma: Vehicle group (0.9% NaCl, 4 ml/kg); Trauma+ GSPE group
(Proanthocyanidin extracted from grape seeds, 40 mg/kg)***!. Control rats were subjected to the same revolution
but taped on the inner shelf of the drum to avoid the injury. 12 hours after trauma, a polyethylene catheter (PE-50)
was inserted into rats’ left ventricular cavity through the right carotid artery, and left ventricular developmental
pressure (LVDP), the maximal positive and negative values of the instantaneous derivative of left ventricular pres-
sure (+dP/dtmax and —dP/dtmax) were measured by BL-420S Biological Signal Analytical System?®.

Determination of Myocardial Apoptosis. Myocardial apoptosis (12 hours after trauma) was deter-
mined by TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) staining and caspase-3 activ-
ity assay. Apoptotic cells in left ventricular tissues were detected with TUNEL labeling using an In Situ Cell
Death Detection Kit, Fluorescein, following the manufacturer’s instructions. After TUNEL labeling, nuclei were
stained with DAPI, and the TUNEL positive cells were observed using a microscope. Total nuclei (DAPI staining,
blue) and the TUNEL positive nuclei (green) in each field were determined in five randomly chosen fields. The
caspase-3 activity was determined by measuring the generation of the fluorogenic cleavage product methylcou-
marylamide (AMC) from the fluorogenic substrate Ac-DEVD-AMC at 360 nm excitation wavelength and 460 nm
emission wavelength. AMC standards were used to quantify activity levels. Specificity of the assay was confirmed
by addition of the specific caspase-3 inhibitor Ac-DEVD-CHO to the reaction mixture.

Most appropriate concentration of GSPE detected by MTT. A 1001 H9¢2 cell suspension was
loaded into each well of a 96-well plate and was cultured in the logarithmic growth phase until the cell concen-
tration reached 5 x 107/L. The cells were then treated with GSPE at a series of diluted concentrations (60, 80, 100,
120, or 140 pg/ml, respectively), except the cells in the blank group (without vehicle) and control group (with
vehicle) for 24 hours. Before harvesting, the cells were incubated with 20 ul of MTT in medium for 4hours at
37°C. The viable cells converted the MTT to a blue-purple colour after dissolving in 150 ul of dimethyl sulfoxide
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(DMSO). The absorbance at 570 nm was measured using a microplate reader. All experiments were carried out in
triplicate. Cell viability (%) = [(absorbance of cells treated with GSPE)/absorbance of control cells] x 100%*>*.

Determination of TNF-a production and intracellular ROS accumulation.  On the one hand, the
serum of 4 different groups’ rats was extracted from aortic artery 1.5hours after trauma'®. On the other hand,
THP-1 cells* were stimulated by LPS as inflammatory model and the THP-1 cells were randomly divided into 1)
Control group (incubated with PBS for 12 hours); 2) LPS group (incubated with 1pg/ml LPS for 12 hours)*; 3)
LPS + GSPE group (0.5 hours pretreated with 100 pg/ml GSPE and incubated with 1 pg/ml LPS for 12 hours)*;
4) Vehicle group (0.5 hours pretreated with NS and incubated with 1 ug/ml LPS for 12 hours). The cells were then
centrifugated and the supernatant was collected for TNF-a measurement. And then the TNF-« concentration of
above samples were measured using enzyme-linked immunosorbent assay kits.

The intracellular ROS accumulation in H9c2 (China Infrastructure of Cell Line Resources)*” or THP-1 cells
was measured by 2/, 7’-dichlorodihydro fluorescin diacetate (DCFH-DA) using an intracellular ROS assay kit.
H9c2 or THP-1 cells cells were pre-loaded with DCFH-DA by exposure to freshly prepared 100 pM DCFH-DA in
the culture medium for 30 minutes at 37 °C. On the one hand, the DCFH-DA loaded H9c2 cells were treated with
50% trauma serum (the serum from rats after nonlethal mechanical trauma) alone or trauma serum combined
with GSPE/NS for 3 hours; On the other hand, the DCFH-DA loaded THP-1 cells were treated with 1ug/ml LPS
alone for 12 hours or 1 ug/ml LPS combined with pretreating with 100 mg/ml GSPE/NS for 0.5 hours. Then the
DCFH fluorescence of the cell was measured with excitation and emission settings of 485 nm and 530 nm by a
microplate reader.

Measurements of Ca2* transients in cardiomyocytes. Intracellular Ca>* levels were monitored using
the Ca?*-sensitive fluorescent indicator, Fluo-4AM. Cultured H9¢2 cell on glass coverslips were loaded with Fluo-
4AM (5pumol/L) in Tyrode’s solution at room temperature for 30 min, the dish was washed with Tyrode’s solution
with 1% BSA to remove any non-specific staining outside the cell. And were randomly incubated with one of
the following agents at 37 °C for 30 min: 1) Control group (200 pl, PBS); 2) Trauma group (200 pl, PBS); 3) GSPE
group (100 mg/ml, 200 ul, GSPE)*S; 4) Vehicle group (200 pl, NS); Then the cell fluorescence intensity was exam-
ined using a confocal laser scanning microscope. A 494 nm excitation wavelength provided by an argon laser was
used to illuminate Fluo-4, and fluorescence was detected at emission wavelength 510 nm and above. 605 later, we
add 20 pl 50% normal serum (the serum from the control rats) into control group, and 20l 50% trauma serum
into the other group Changes in Ca*" levels were represented by relative fluorescence intensity (F/F,%), where F,
represents the average fluorescence levels measured in the former 60, while F was the average fluorescence level
in the later 180 s duration*s#.

Electron microscope analysis of cardiomyocytes. 12hours after trauma, samples of the left ventricle
myocardium (in the region of the heart apex) were cut into pieces less than 1 mm?® and were fixated with 2.5%
glutaraldehyde on 0.1 M phosphate buffer (pH 7.2-7.4) for 24 hours, then fixated once more by 1% OsO, solution,
contrasted by 2% uranyl acetate solution on 70% ethanol, dehydrated by the generally accepted method and
viewed through JEM-2000EX electron microscopes®.

Statistical analysis. Statistical comparisons between groups were performed by the use of t-test or one-way
analysis of variance (ANOVA) test and Tukey test. Data were presented as mean + sem. (GraphPad Software,
USA) P values less than 0.05 were considered to be statistically significant.

References
1. Schlag, G., Redl, H. & Hallstrom, S. The cell in shock: the origin of multiple organ failure. Resuscitation 21, 137-180 (1991).
2. Hassoun, H. T. et al. Post-injury multiple organ failure: the role of the gut. shock 15, 1-10 (2001).
3. He, J. et al. Major causes of death among men and women in China. New Engl ] Med 353, 1124-1134, doi: 10.1056/Nejmsa050467
(2005).
4. Ismailov, R. M., Ness, R. B., Weiss, H. B., Lawrence, B. A. & Miller, T. R. Trauma associated with acute myocardial infarction in a
multi-state hospitalized population. Int ] Cardiol 105, 141-146, doi: 10.1016/j.jjcard.2004.11.025 (2005).
5. Wei, T., Wang, L., Chen, L., Wang, C. & Zeng, C. Acute myocardial infarction and congestive heart failure following a blunt chest
trauma. Heart Vessels 17, 77-79, doi: 10.1007/s003800200048 (2002).
6. Oghlakian, G., Maldjian, P,, Kaluski, E. & Saric, M. Acute myocardial infarction due to left anterior descending coronary artery
dissection after blunt chest trauma. Emerg Radiol 17, 149-151 (2010).
7. Vasudevan, A. R., Kabinoff, G. S., Keltz, T. N. & Gitler, B. Blunt chest trauma producing acute myocardial infarction in a rugby
player. Lancet 362, 370 (2003).
8. Tao, L. et al. Mechanical traumatic injury without circulatory shock causes cardiomyocyte apoptosis: role of reactive nitrogen and
reactive oxygen species. Am ] Physiol-Heart C 288, H2811-H2818, doi: 10.1152/ajpheart.01252.2004 (2005).
9. Wang, J. et al. Decreased Autophagy Contributes to Myocardial Dysfunction in Rats Subjected to Nonlethal Mechanical Trauma.
Plos One 8, €71400, doi: ARTN 71400 10.1371/journal.pone.0071400 (2013).
10. Li, S. et al. TNFa-initiated oxidative/nitrative stress mediates cardiomyocyte apoptosis in traumatic animals. Apoptosis 12,
1795-1802 (2007).
11. Li, S. et al. Tumor necrosis factor-o in mechanic trauma plasma mediates cardiomyocyte apoptosis. Am ] Physiol-Heart C 293,
H1847-H1852 (2007).
12. Dixon, R. A, Xie, D. Y. & Sharma, S. B. Proanthocyanidins-a final frontier in flavonoid research? New Phytol 165, 9-28 (2005).
13. Xie, D.-Y. & Dixon, R. A. Proanthocyanidin biosynthesis-still more questions than answers? Phytochemistry 66, 2127-2144 (2005).
14. Faria, A., Calhau, C., de Freitas, V. & Mateus, N. Procyanidins as antioxidants and tumor cell growth modulators. J Agr Food Chem
54, 2392-2397, doi: 10.1021/jf0526487 (2006).
15. Guo, F, Lin, M., Gu, Y., Zhao, X. & Hu, G. S. Preparation of PEG-modified proanthocyanidin liposome and its application in
cosmetics. Eur Food Res Technol 240, 1013-1021, doi: 10.1007/s00217-014-2405-7 (2015).
16. Fernandez, K., Vega, M. & Aspé, E. An enzymatic extraction of proanthocyanidins from Pais grape seeds and skins. Food Chem 168,
7-13, doi: 10.1016/j.foodchem.2014.07.021 (2015).

SCIENTIFIC REPORTS | 7:44623 | DOI: 10.1038/srep44623 10



www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Bagchi, D. et al. Free radicals and grape seed proanthocyanidin extract: importance in human health and disease prevention.
Toxicology 148, 187-197 (2000).

Bors, W,, Foo, L. Y., Hertkorn, N., Michel, C. & Stettmaier, K. Chemical studies of proanthocyanidins and hydrolyzable tannins.
Antioxid Redox Sign 3, 995-1008 (2001).

Bagchi, D., Swaroop, A., Preuss, H. G. & Bagchi, M. Free radical scavenging, antioxidant and cancer chemoprevention by grape seed
proanthocyanidin: An overview. Mutat Res-Fund Mol M 768, 69-73, doi: 10.1016/j.mrfmmm.2014.04.004 (2014).

Quesada, I. M. et al. Dietary catechins and procyanidins modulate zinc homeostasis in human HepG2 cells. ] Nutr Biochem 22,
153-163, doi: http://dx.doi.org/10.1016/j.jnutbio.2009.12.009 (2011).

Castell-Auvi, A. et al. Grape seed procyanidins improve beta-cell functionality under lipotoxic conditions due to their lipid-lowering
effect. ] nutr biochem 24, 948-953, doi: http://dx.doi.org/10.1016/j.jnutbio.2012.06.015 (2013).

Yunoki, T. et al. Anti-oxidative nutrient rich diet protects against acute ischemic brain damage in rats. Brain Res 1587, 33-39, doi:
10.1016/j.brainres.2014.08.056 (2014).

Maffei, E R. et al. Procyanidines from Vitis vinifera seeds protect rabbit heart from ischemia/reperfusion injury: antioxidant
intervention and/or iron and copper sequestering ability. Planta Med 62, 495-502 (1996).

Pataki, T. et al. Grape seed proanthocyanidins improved cardiac recovery during reperfusion after ischemia in isolated rat hearts.
Am ] Clin Nutr 75, 894-899 (2002).

Das, D. & Maulik, N. Protection against free radical injury in the heart and cardiac performance. Exercise and oxygen toxicity,
359-388 (1995).

Arroyo, C. M., Kramer, J. H., Dickens, B. F. & Weglicki, W. B. Identification of free radicals in myocardial ischemia/reperfusion by
spin trapping with nitrone DMPO. FEBS Lett 221, 101-104 (1987).

Yamakoshi, J., Kataoka, S., Koga, T. & Ariga, T. Proanthocyanidin-rich extract from grape seeds attenuates the development of aortic
atherosclerosis in cholesterol-fed rabbits. Atherosclerosis 142, 139-149 (1999).

Zhang, L., Xiao, Y. & He, J. Cocaine and apoptosis in myocardial cells. Anat Rec 257, 208-216, doi: 10.1002/(sici)1097-
0185(19991215)257:6<208::aid-ar6>3.0.c0;2-0 (1999).

White, D. J., Maass, D. L., Sanders, B. & Horton, J. W. Cardiomyocyte intracellular calcium and cardiac dysfunction after burn
trauma. Crit Care Med 30, 14-22 (2002).

Kelly, J. L. et al. Is circulating endotoxin the trigger for the systemic inflammatory response syndrome seen after injury? Ann Surg
225,530 (1997).

Watzler, S. et al. Suppression and Recovery of LPS-Stimulated Monocyte Activity After Trauma is Correlated With Increasing Injury
Severity: A Prospective Clinical Study. J Trauma 66, 1273-1280, doi: 10.1097/Ta.06013¢3181968054 (2009).

Chen, H.-M. et al. Baicalein, an active component of Scutellaria baicalensis Georgi, prevents lysophosphatidylcholine-induced
cardiac injury by reducing reactive oxygen species production, calcium overload and apoptosis via MAPK pathways. Bmc Complem
Altern M 14, 233, doi: Artn 23310.1186/1472-6882-14-233 (2014).

Yamashiro, K. et al. Role of transient receptor potential vanilloid 2 in LPS-induced cytokine production in macrophages. Biochem
Biophy Res Co 398, 284-289 (2010).

Takahashi, N., Kozai, D., Kobayashi, R., Ebert, M. & Mori, Y. Roles of TRPM2 in oxidative stress. Cell Calcium 50, 279-287, doi:
10.1016/j.ceca.2011.04.006 (2011).

Jiang, L. H., Yang, W., Zou, J. & Beech, D. J. TRPM2 channel properties, functions and therapeutic potentials. Expert Opin Ther Tar
14, 973-988, doi: 10.1517/14728222.2010.510135 (2010).

Wehrhahn, J., Kraft, R., Harteneck, C. & Hauschildt, S. Transient Receptor Potential Melastatin 2 Is Required for Lipopolysaccharide-
Induced Cytokine Production in Human Monocytes. ] Immunol 184, 2386-2393, doi: 10.4049/jimmunol.0902474 (2010).

Hara, Y. et al. LTRPC2 Ca 2+ -permeable channel activated by changes in redox status confers susceptibility to cell death. Mol Cell
9,163-173 (2002).

Wehage, E. et al. Activation of the cation channel long transient receptor potential channel 2 (LTRPC2) by hydrogen peroxide A
splice variant reveals a mode of activation independent of ADP-ribose. ] Biol Chem 277, 23150-23156 (2002).

Feng, Y. et al. Insulin Alleviates Posttrauma Cardiac Dysfunction by Inhibiting Tumor Necrosis Factor-a-Mediated Reactive
Oxygen Species Production*. Crit Care Med 41, e74-e84 (2013).

Shang Rui. et al. Protective efect of grape seed proanthocyanidin on spermatogenesis following testicular torsion/detorsion in mice.
Natl ] Androl 19, 409-413 (2013).

Shen Linghong. et al. Therapeutic effect of proanthocyanidin on lung injury in rats with acute necrotizing pancreatitis. Chinese
Journal of Pathophysiolog 23, 609-611 (2007).

Kim, H. et al. Grape seed proanthocyanidin extract inhibits interleukin-17-induced interleukin-6 production via MAPK pathway in
human pulmonary epithelial cells. Naunyn-Schmiedebergs Archives of Pharmacology 383, 555-562.

Jing, Z. et al. Protective Effect of Quercetin on Posttraumatic Cardiac Injury. Scientific reports 6, 30812, doi: 10.1038/srep30812
(2016).

Tsuchiya, S. et al. Establishment and characterization of a human acute monocytic leukemia cell line (THP-1). Int ] Cancer 26,
171-176 (1980).

Liu, X. et al. Geraniin Inhibits LPS-Induced THP-1 Macrophages Switching to M1 Phenotype via SOCS1/NF-xkB Pathway.
Inflammation 39, 1421-1433, doi: 10.1007/s10753-016-0374-7 (2016).

Zheng, H. L. et al. Oligomer procyanidins (F2) isolated from grape seeds inhibits tumor angiogenesis and cell invasion by targeting
HIF-1ain vitro. Int ] Oncol 46, 708-720 (2015).

Kimes, B. & Brandt, B. Properties of a clonal muscle cell line from rat heart. Exp Cell Res 98, 367-381 (1976).

Prathapan, A., Vineetha, V. P. & Raghu, K. G. Protective Effect of Boerhaavia diffusa L. against Mitochondrial Dysfunction in
Angiotensin II Induced Hypertrophy in H9c2 Cardiomyoblast Cells. Plos One 9, €96220, doi: ARTN €96220 10.1371/journal.
pone.0096220 (2014).

Jia, Z. Y., Chen, Q. & Qin, H. L. Ischemia-Induced Apoptosis of Intestinal Epithelial Cells Correlates with Altered Integrin
Distribution and Disassembly of F-Actin Triggered by Calcium Overload. ] Biomed Biotechnol 2012, doi: Artn 617539
10.1155/2012/617539 (2012).

Varenik, E. N., Lipina, T. V., Shornikova, M. V., Krasnov, I. B. & Chentsov, Y. S. Electron microscope analysis of cardiomyocytes in
the rat left ventricle under simulation of weightlessness effects and artificial gravitation. Biol Bull+ 39, 221-228, doi: 10.1134/
$1062359012030132 (2012).

Acknowledgements

The authors would like to thank Mr. Chuanzhou Gao, Dalian Medical University, for his assistance with the
myocardial ultrastructure observation. This study was funded by the National Nature Science Foundation of
China (No. 30971065); Science and technology plan of Dalian (No. 2012E12SF074); The Education fund item of
Liaoning province (No. 2009 A 194).

SCIENTIFIC REPORTS | 7:44623 | DOI: 10.1038/srep44623 11



www.nature.com/scientificreports/

Author Contributions

S.M. performed the in vivo measurements and quantification of the in vivo data and comparisons and helped write
the manuscript; C.C. performed the in vivo measurements and quantification of the in vivo data and helped write
the manuscript; T.T.C. helped write the manuscript; X.T.L. prepared the data and helped write the manuscript;
Y.B. performed the in vitro measurements; Y.B. performed the in vitro measurements; J.C.Z. generated data
and helped write the manuscript; D.Q.Y. advised on model building and helped write the manuscript; S.L. was
responsible for the overall study coordination, devised the experiments, and wrote the manuscript.

Additional Information
Competing Interests: The authors declare no competing financial interests.

How to cite this article: Ma, S. et al. Mitigation Effect of Proanthocyanidin on Secondary Heart Injury in Rats
Caused by Mechanical Trauma. Sci. Rep. 7, 44623; doi: 10.1038/srep44623 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:44623 | DOI: 10.1038/srep44623 12


http://creativecommons.org/licenses/by/4.0/

	Mitigation Effect of Proanthocyanidin on Secondary Heart Injury in Rats Caused by Mechanical Trauma

	Results

	GSPE effectively inhibit myocardial cell apoptosis in rats caused by MT. 
	GSPE effectively improve cardiac insufficiency in rat caused by MT. 
	GSPE improve the changes in rat myocardial ultrastructure caused by MT. 
	GSPE reduced circulating TNF-α level. 
	Suitable concentration of GSPE for H9c2 cells. 
	GSPE suppressed ROS overproduction in H9c2 cells. 
	GSPE attenuated LPS-induced monocytes’ TNF-α overproduction. 
	GSPE attenuated trauma-induced THP-1 cell’s ROS overproduction. 
	GSPE ameliorated TP-induced H9c2 cell calcium overload. 

	Discussion

	Methods

	Materials. 
	Ethics statement. 
	Induction of nonlethal mechanical trauma in Rats. 
	Determination of Myocardial Apoptosis. 
	Most appropriate concentration of GSPE detected by MTT. 
	Determination of TNF-α production and intracellular ROS accumulation. 
	Measurements of Ca2+ transients in cardiomyocytes. 
	Electron microscope analysis of cardiomyocytes. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ GSPE can effectively inhibit myocardial cell apoptosis in rats caused by MT.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ GSPE can effectively improve cardiac insufficiency in rat caused by MT.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ GSPE can improve the changes in rat myocardial ultrastructure caused by MT.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Plasma TNF-α concentration induced by trauma can be attenuated by GSPE.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The viability of H9c2 cells was influenced by GSPE concentration.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Trauma Induced myocardial cells’ ROS overproduction can be effectively attenuated by GSPE.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ LPS induced monocytes’ TNF-α overproduction can be effectively attenuated by GSPE.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ LPS Induced THP-1 cells’ ROS overproduction can be effectively attenuated by GSPE.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ GSPE decreases myocardial Intracellular Ca2+ generation after trauma.
	﻿Figure 10﻿﻿.﻿﻿ ﻿ The mechanism of myocardial cell apoptosis caused by mechanical trauma.



 
    
       
          application/pdf
          
             
                Mitigation Effect of Proanthocyanidin on Secondary Heart Injury in Rats Caused by Mechanical Trauma
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44623
            
         
          
             
                Shuo Ma
                Chong Chen
                Tingting Cao
                Yue Bi
                Jicheng Zhou
                Xintao Li
                Deqin Yu
                Shuzhuang Li
            
         
          doi:10.1038/srep44623
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44623
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44623
            
         
      
       
          
          
          
             
                doi:10.1038/srep44623
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44623
            
         
          
          
      
       
       
          True
      
   




