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ORIGINAL ARTICLE

Effects of Shenfu Injection (5 £%+%) on Cerebral
Metabolism in A Porcine Model of Cardiac Arrest

YIN Qin', WU Cai-jun®, YANG Jun?, HANG Chen-chen?, and LI Chun-sheng®

ABSTRACT Objective: To investigate the effects of Shenfu Injection (£ M iz 4+#%, SFI) on cerebral
metabolism in a porcine model of cardiac arrest (CA). Methods: Thirty Wuzhishan minipigs were randomly
assigned to the control group (n=6), epinephrine group (EP group, n=12) and SFI group (n=12). After
8 min of untreated ventricular fibrillation (VF), pigs in the EP group or SFI group were administered with
either EP (0.02 mg/kg) or SFI (1.0 mL/kg), respectively. After successful resuscitation, cerebrospinal fluid
(CSF) levels of glucose, pyruvate, lactate, glutamate and glycerol were measured at 1, 6, 12 and 24 h after
recover from spontaneous circulation (ROSC). In addition, neurologic deficit score (NDS) was calculated
at 24 h after ROSC. Surviving pigs were killed at 24 h after ROSC, and the brain tissue was obtained for
ultra-microstructure examination. Results: Compared with the EP group, CSF glucose and pyruvate
levels were higher (all P<0.01), and lactate levels were lower in the SFI group (P<0.01). Meanwhile, CSF
glutamate and glycerol levels in the SFI group were lower in comparison to the EP group (all P<0.05). In
addition, SFI decreased NDS at 24 h after ROSC (P<0.01), and alleviated the histopathological damage of
the brain. Conclusions: SF| could alleviate brain injury after CA, which may be associated with improving
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cerebral metabolism.
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Despite significant progress in cardiopulmonary
resuscitation (CPR), brain injury after cardiac arrest
(CA) is still a common cause of death. In patients
who survived to intensive care unit admission but
subsequently died in the hospital, brain injury was
the cause of death in 68% of out-of-hospital CA
and 23% of in-hospital CA.") Furthermore, the
neurological function of surviving patients has
remained poor. It is reported that approximately
40% of survivors never awake from a vegetative
state, while a third of those who do wake up suffer
persistent neurologic impairments.”” Therefore,
how to improve the neurological function of patients
suffered from CA is always the research focus of
resuscitation field.

Epinephrine (EP) has been investigated for more
than a century in experimental studies of CA and
is the recommended drug in the current guidelines
for advanced life support of CA.® However, the
neuroprotective effects of EP remain controversial.
One study showed that early EP administration can
improve neurologic function after CA.“ In contrary,
another study demonstrated that EP was associated
with disturbed cerebral microcirculation after return of
spontaneous circulation (ROSC).® Therefore, there is

urgent need to find new and effective drugs to aid in
cerebral resuscitation.

Shenfu Injection (A4 M4, SFI, containing
ginsenoside 0.8 mg/mL and aconitine 0.1 mg/mL) is
prepared from well-known Chinese herbs ginseng
(Panax; family: Araliaceae) and Radix aconiti lateralis
preparata (Aconitum carmichaelii Debx; family:
Ranunculaceae). The consistency of the quality of SFI
over different batches has been ensured by fingerprint
technology.® Previous studies have confirmed that
SFI has protective roles for cerebral ischemia and
hypoxia damage.”® Our previous work also showed
that SFI could alleviate brain inflammatory responses
and edema after CA.” However, the neuroprotective
mechanisms of SFI are still not well understood.
Therefore, the main purposes of this study were to
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investigate the effects of SFI on cerebral metabolism
through changes of biochemical parameters in
cerebrospinal fluid (CSF) in an established porcine
model of CA.

METHODS

Animal

This study was approved by the Animal Care
and Use Committee of Beijing Chaoyang Hospital and
conducted according to the Utstein-style guidelines."® Al
animals received humane care in compliance with the
Guide for the Care and Use of Laboratory Animals by
the National Institute of Health. Thirty inbred Chinese
Wuzhishan minipigs (Institute of Animal Sciences,
Chinese Academy of Agricultural Sciences, Beijing,
China), aged 8 + 1 months and weighted 20 + 2 kg,
were used in this study. Pigs were randomized into
three groups: control group (n=6), EP group (n=12)
and SFI group (n=12).

Animal Preparation

Pigs were fasted overnight with free access to
water. Initial sedation was induced by intramuscular
injection of ketamine (0.5 mg/kg), followed by
intravenous injection of propofol (1 mg/kg). Then
propofol 9 mg/(kg:h) and fentanyl 1 w g/(kg-h) were
administered intravenously to maintain the anesthesia
and analgesia. A cuffed 6.5-mm endotracheal tube
was advanced into the trachea of each anesthetized
pig. Pigs were mechanically ventilated with a
volume-controlled ventilator (Servo 900c, Siemens,
Berlin, Germany) with a tidal volume of 8 mL/kg,
a constant fraction of inspired oxygen (FiO,) of
0.21, and an inspiration/expiration ratio of 1:2 with
a positive end-expiratory pressure of 5 cm H,0.
End-tidal PaCO, (PetCO,) was monitored with an
in-line infrared capnograph system (CO,SMO Plus
monitor, Respironics Inc., Murrysville, Pennsylvania,
USA). The respiratory frequency was adjusted to
maintain PetCO, between 35-40 mm Hg.

The right femoral artery and femoral vein were
exposed, followed by the right external and internal
jugular vein. A 6-Fr catheter was advanced from the
right femoral artery into the thoracic aorta to measure
aortic pressure. A Swan-Ganz catheter (7F, Edwards
Life Sciences, Irvine, California, USA) was advanced
from the right femoral vein and flow-directed into the
pulmonary artery to measure right atrial pressure
and cardiac output (CO). A 5-Fr pacing catheter was
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advanced from the right external jugular vein into
the right ventricle to induce ventricle fibrillation (VF).
A catheter was inserted retrograde into the right
internal jugular vein for blood collection. All catheters
were calibrated before use. The electrocardiograph
and all hemodynamic parameters were monitored
by a multifunction monitor (M1165, Hewlett-Packard
Company, Palo Alto, California, USA). An epidural
catheter was inserted into the lumbar spine at the
3rd to 4th interval for CSF sampling and intracranial
pressure (ICP) monitoring.

Experimental Protocol

After surgery, pigs were allowed to achieve
a stable resting level, and baseline data were
recorded. Before the VF model was established,
mechanical ventilation was ceased. VF was
induced by a programmed electrical stimulation
instrument (GY-600A, Kaifeng Huanan Instrument
Company, Kaifeng, Henan, China) with model S1/S2
(300/200 ms), 40 V, 8:1 proportion, and -10 millisecond
step length, and confirmed by the presence of a
characteristic electrocardiographic waveform. After
8 min of untreated VF, mechanical ventilation was
resumed with 100% oxygen, and chest compression
was performed manually by two designated
cardiopulmonary resuscitation (CPR) technicians at
a rate of 100 compressions per minute. The quality
of chest compression was controlled by a HeartStart
MRx Monitor/Defibrillator with Q-CPR (Philips
Medical Systems, Best, Holland). After 2 min of chest
compression, pigs were administered with central
venous injection of either EP (0.02 mg/kg) or SFI
(1.0 mL/kg), respectively. If the spontaneous
circulation was not restored, defibrillation (Smart
Biphasic, Holland) was attempted using 150 J for
the first attempt, followed by another 2 min of chest
compression. If the first defibrillation attempt was
unsuccessful, 200 J was used for the second and
all subsequent attempts. The sequence continued
until ROSC or for 30 min if ROSC was not achieved.
ROSC was defined as the maintenance of systolic
blood pressure >50 mm Hg for at least 10 min. Pigs
with no ROSC after 30 min of CPR were pronounced
dead. For pigs in the control group, anesthesia and
surgery procedures were administered without the
establishment of VF model.

After 24 h of post-resuscitation monitoring, all
catheters were removed by surgical procedure. The
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surviving pigs were sacrificed with an over dosage of
60 mg propofol intravenous injection and then 10 mL
10% potassium chloride intravenous injection.

Measurements

Hemodynamic data were continuously recorded.
ICP was measured continually, and cerebral perfusion
pressure (CPP) was calculated as mean aortic
pressure (MAP) minus ICP.

Internal jugular venous samples for blood gas
analysis at baseline, 1, 6, 12 and 24 h after ROSC were
collected and measured by blood gas analyzer (GEM
Premier 3000 blood gas analyzer; Instrumentation
Laboratory, Lexington, MA, USA). Lactate clearance
was calculated by the formula [(initial lactate — delayed
lactate)/initial lactate)] x 100%, in which initial lactate
was the measurement at ROSC and delayed lactate
was that at 1, 6, 12 or 24 h after ROSC.

CSF samples at baseline, 1, 6, 12 and 24 h after
ROSC were collected through the epidural catheter,
and CSF levels of glucose, pyruvate, lactate, glycerol
and glutamate were measured with Hitachi 7170A
biochemistry analyzer (Hitachi, Ibaraki, Japan).

Neurological function was evaluated with the
porcine quantitative neurological deficit score (NDS),
which includes consciousness level, breathing pattern,
function of cranial nerve, function of sensory and motor
nerve. In our study, NDS was evaluated at 24 h after
ROSC, and agreed on by two experienced researchers
on the basis of double blindness.

Brain tissue was preserved in 10% formaldehyde
and 4% paraformaldehyde. The ultra-microstructure of
brain tissue was observed using light microscopy and
TEM (H-7650; Hitachi, Ibaraki, Japan).

Statistical analysis

All data were analyzed using Statistical Package
for the Social Sciences (SPSS) 17.0 statistics software
(SPSS Inc., Chicago, IL, USA). Data are expressed
as mean * standard deviation (X +s) for continuous
variables and as percentages for categorical data.
Comparisons of continuous variables among groups
at selected time points were performed with one-
way ANOVA, and Bonferroni's test was used for post
hoc comparisons. A two-tailed P value <0.05 was
considered statistically significant.
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RESULTS

Resuscitation Outcome

Twenty-one pigs were successfully resuscitated,
10 in the EP group and 11 in the SFI group. There
were no significant differences in the rate of ROSC
between the two groups (P>0.05). In addition,
differences in survival rate at 1, 6, 12 and 24 h after
ROSC were not significant between the two groups (all
P>0.05; Table 1).

Table 1. Resuscitation Outcomes in the Pigs

Group Time Survival [n (%)]
EP (n=12) Baseline 10 (83.3)
ROSC 1 h 10 (83.3)
6h 8 (66.7)
12h 8 (66.7)
24 h 6 (50.0)
SFI (n=12) Baseline 11 (91.7)
ROSC 1 h 11 (91.7)
6h 10 (83.3)
12h 9 (75.0)
24 h 8 (66.7)

Data of Cerebral Perfusion

MAP was significantly higher in the SFI group
compared with the EP group at 6 h after ROSC.
However, there were no significant differences in
MAP between the two groups at 1, 12 and 24 h after
ROSC. ICP in the EP and SFI groups increased at
1, 6 and 12 h after ROSC, and declined to baseline
levels at 24 h after ROSC. The ICP in the SFI group
was significantly lower than that in the EP group at 1,
6 and 12 h after ROSC. Compared with the control
group, CPP in the EP group declined significantly at 1,
6 and 12 h after ROSC, and in the SFI group at 6 and
12 h after ROSC. On the other hand, CPP in the SFI
group at 1, 6 and 12 h after ROSC was significantly
higher than the EP group (Table 2).

Results of Jugular Venous Blood Gas Analysis
The initial jugular venous lactate levels were
similar among the three groups. Jugular venous
lactate levels in EP and SFI groups increased
significantly at 1, 6 and 12 h after ROSC and returned
to baseline levels at 24 h after ROSC. In addition,
jugular venous lactate levels in the SFI group
were lower than in the EP group at 1, 6 and 12 h
after ROSC. Compared with the EP group, lactate
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Table 2. Data of Cerebral Perfusion in
the Pigs (mm Hg, X *+s)
Group Time MAP ICP CPP
Control Baseline 109.7£3.7 9.3+1.0 100.2+£4.3
ROSC1h 107.8+3.8 9.3+0.8 99.1+3.7
6h 111.3+23 95+1.1 102.2+4.7
12h 1115+32 10.0+1.3 101.4+5.1
24h 109.7+37 10.0+1.1 99.2+4.9
EP Baseline 109.6 3.6 9.8+1.1 100.2+3.9
ROSC1h 1092+49 150+1.2" 94.4+4.8"
6h 106.6+3.1 18.1+£1.5" 88.1+5.7"
12h 1103+45 189+20" 922+6.7"
24h 1107+29 120+1.8 98.4+3.9
SFI Baseline 108.9+47 103=*1.2 99.3+3.6
ROSC1h 111.8+36 135+14"" 98.1+49"

6h 111.4+45% 159+1.4™% 0962+54“"
12h 111.0+35 168+14™ 953+59%
24h 110.1+39 109+1.6 99.3+4.6

Notes: *P<0.05, **P<0.01 vs. control group; “P<0.05,
42P<0.01 vs. EP group

clearance in the SFI group was significantly higher
at 1, 6, and 12 h after ROSC. Saturation of jugular
venous oxygen (SJVO,) in the SFI group decreased at
1, 6 and 12 h and then increased to baseline at 24 h
after ROSC. Moreover, SJVO, in the SFI group were
significantly lower than the EP group at 1, 6 and 12 h
after ROSC (Table 3).

Table 3. Results of Jugular Venous
Blood Gas Analysis (X = s)

Group  Time (frf]tglt/‘i) LC(%)  SIVO, (%)
Control  Baseline 1.8+0.2 - 64.7+35
ROSC1h  1.8+0.1 - 65.3+1.9
6h  1.8+0.1 - 65.2+2.3
12h  1.8+0.1 - 65.8+2.0
24h  18+02 - 65.3+1.8
EP Baseline 1.9+0.1 - 64.1+29
ROSC1h 105+05  21.8+53 66.3+2.6
6h  82+03  459+62 65.4+3.3
12h  42+03"  655+6.8 66.3+2.8
24h  20+01 82.6+55 62.7+23
SFI Baseline 1.8+0.1 - 64.3+3.9
ROSC1h  85+0.3“ 482+76" 626+28"
6h 59+02" 742+70" 556+3.0"
12h  34+01% 829+7.7° 542+30"
24h  19+01 845+6.3 625+22

Notes: *P<0.01 vs. control group; “P<0.01 vs. EP group
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CSF Levels of Biochemical Parameters

Glucose levels in the EP and SFI groups declined
in comparison to the control group at 1, 6 and 12 h after
ROSC. Furthermore, glucose levels in the SFI group
were significantly higher than the EP group at 6 and
12 h after ROSC (Figure 1A). Compared with the control
group, pyruvate levels were significantly decreased in
the EP and SFI groups at 1, 6 and 12 h after ROSC.
Furthermore, pyruvate levels were significantly higher
in the SFI group than the EP group at 6 and 12 h after
ROSC (Figure 1B). Lactate significantly increased in
EP and SFI groups after ROSC, which lasted until
24 h after ROSC and peaked at 1 h after ROSC. Lactate
levels in the SFI group were significantly lower than
the EP group at 1 and 6 h after ROSC (Figure 1C). In
the EP and SFI groups, glutamate levels increased
through the experiment and peaked at 12 h after ROSC.
However, glutamate levels in the SFI group were all
significantly lower than EP group at four time points after
ROSC (Figure 1D). Glycerol levels in the EP and SFI
groups were increased at 1, 6, 12 and 24 h after ROSC
compared with the control group. In addition, glycerol
levels in the SFI group were significantly lower than in
EP group at 6 and 12 h after ROSC (Figure 1E).

NDS and Brain Ultra-Microstructure at 24 h after
ROSC

At 24 h after ROSC the median NDS in the
SFI group was significantly lower than the EP group
(P<0.05; Figure 2). Ultra-microstructural changes were
observed by electron microscopy. Compared with
the control group (Figure 3A), the EP group showed
serious brain damage, including loss of normal
neuronal form, presence of nuclear deformation and
solid shrinkage, mitochondrial swelling, ridge fracture,
and cavity changes (Figure 3B). In addition, the SFI
group exhibited less intracellular damage (Figure 3C).

DISCUSSION

SFI is the typical form of Shenfu Decoction
(%W %) for intravenous medication. In clinical
practice SFI has been used for treatment of many
diseases, especially being famous for its traditional
cardiovascular protective effects, such as stabilizing
blood pressure and improving heart function.""""?
Moreover, some studies have proved that SFI has
significant protective effects against ischemia-
reperfusion injury."®'¥ Furthermore, SFI has been
proven to reduce organ dysfunction after CA/
CPR. For example, Ji, et al"® confirmed that SFI
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Figure 1. Cerebrospinal Fluid Levels of Biochemical Parameters
Notes: *P<0.05, **P<0.01 vs. control group; “P<0.05, ““P<0.01 vs. EP group
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Figure 2. Neurological Deficit Score in
Pigs at 24 h after ROSC
Note: *P<0.01 vs. EP group

Tissue by Electron Microscopy ( x 10000)

Notes: A, Normal brain ultra-microstructure in the control
group; B, mitochondrial swelling was observed in the EP group
(Arrow); C, mitochondrial damage was alleviated in the SFI
group (Arrow)

attenuated post-resuscitation myocardial dysfunction
through beneficial effects on energy metabolism and
remarkable antioxidant capacity. Similarly, another
study found that SFI attenuated post-resuscitation
lung injury by inhibiting lung cell apoptosis, and
by improving energy metabolism and antioxidant
capacity."® Taken together, these results suggest the
potential of SFI as an effective drug in the treatment of
organ dysfunction after CA.

CA results in whole-body ischemia-reperfusion
and represents the most severe shock state. The
unique vulnerability of the brain is attributed to its limited
tolerance of ischemia and unique response to reperfusion.
Metabolism failure is an important mechanism of brain
damage after CA, which is associated with abruptly
halted delivery of oxygen and metabolic substrate,
and characterized by significantly enhanced anaerobic
metabolism and depressed aerobic metabolism."”
Extracellular glucose, pyruvate and lactate are widely
used parameters to reflect the metabolic status in the
brain. Glucose is the only metabolic substrate of brain; the
changes of glucose level can directly reflect the cerebral
ischemia and hypoxia. Lactate is the end product of
anaerobic metabolism, while pyruvate is the intermediate
product between aerobic metabolism and anaerobic
metabolism, so the ratio between lactate and pyruvate
is a sensitive marker of redox state in the brain."® In
this study, CSF levels of glucose, pyruvate and lactate
were measured at four time points after ROSC. The
results showed that the CSF glucose levels decreased
significantly, and lactate levels increased significantly in
the EP group early after ROSC, confirming the metabolic
failure after severe global ischemia induced by VF. On the
other hand, we found that SFI administration resulted in
increased glucose levels, and decreased lactated levels
after ROSC compared with the EP group. As previously
stated, SFI can alleviate post-resuscitation myocardial
dysfunction and lung injury by improving the energy
metabolism."*"®"® Our results also supported that SFI
can alleviate post-CA brain damage through improving
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cerebral metabolism.

Noticeably, lower SJVO, in the SFI group in
comparison to EP group at 1, 6 and 12 h after ROSC
was observed in the present study. SJVO, can
indirectly reflect the cerebral oxygen extraction, and
decreased SJVO, is associated with improvement
of cerebral metabolism and neurological outcome in
post-CA patients.®® Taking into account the CSF
levels of glucose and lactate in the present study,
one possibility could be that a switch from anaerobic
glycolysis to oxidative phosphorylation which consumes
more oxygen and less glucose, and produces less
lactate. Taken together, these results further confirmed
the beneficial effects of SFI on cerebral metabolism.

Excitotoxicity induced by release of large mount
of excitatory amino acids is a proposed mechanism
of brain injury after CA. Glutamate is one kind of
excitatory amino acids. After CA cerebral glutamate
levels may increase significantly and exerted
detrimental effects to neuronal function. Multiple
factors, including cellular leakage, altered synaptic
transmission and inhibited reuptake, may contribute
to the increase of glutamate levels after CA.*" Among
these, metabolism failure may directly contribute to
the increase of glutamate levels.?*?*® In our study
CSF glutamate levels increased significantly after
ROSC. Furthermore, SFI significantly decreased
the glutamate levels in comparison to the EP group.
As previously stated, SFI can enhance the aerobic
metabolism, so as to improve the function of glutamate
reuptake system and decrease CSF glutamate levels.

Glycerol is the end product of degradation of cell
membrane phospholipids. Under stress state, such as
ischemia or hypoxia, the cell membrane is damaged
and the glycerol is released. Therefore extracellular
glycerol is a useful marker of the degree of cell
damage.® Failure of cellular metabolism results in
disruption of cell membrane function and ultimately
leads to the increase of glycerol levels.®® Noticeably,
we observed that SFI significantly inhibited the
glycerol increase normally associated with CA during
the phase of ROSC. Furthermore the benefits of SFI
on cerebral metabolism may also help to decrease the
extent of membrane degradation.

Other prominent findings of this study were that
SFI inhibited internal jugular venous lactate levels to
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abruptly increase and enhanced lactate clearance
after ROSC. Lactate represents a technically simple
parameter to assess tissue oxygen delivery and indirectly
indicates tissue perfusion. Lower lactate levels indicate
improved tissue perfusion and are associated with
decreased mortality in post-CA patients.®® On the other
hand, the present study showed that ICP was elevated
and CPP was decreased within 12 h after ROSC, and
SFI depressed ICP elevation after ROSC, resulting
in ameliorated CPP decrease. Meanwhile, a better
neurological outcome was confirmed by less NDS and
alleviated histopathological damage. These results all
support that the neuroprotective effects of SFI after CA.

Several limitations of this study should be
noted. First, apparently healthy pigs were used in this
experiment, whereas most individuals suffering from
CA have underlying diseases. Second, the potential
effects of anaesthetic agents on cerebral metabolism
were not assessed.

The current study investigated the effects of SFI
on cerebral metabolism following CA and CPR. The
key findings were as follows: (1) SFI improved cerebral
metabolism, meanwhile alleviated neurotoxicity and
decreased membrane degradation; (2) SFI enhanced
cerebral perfusion; and (3) SFI improved neurological
function after experimental CA.
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