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Gynostemma pentaphyllum is neuroprotective in a
rat model of cardiopulmonary resuscitation

GERBURG KEILHOFF', TORBEN ESSER?, MAXIMILIAN TITZE! , UWE EBMEYER? and LORENZ SCHILD’

"nstitute of Biochemistry and Cell Biology, and Departments of 2Anesthesiology and 3Pathological Biochemistry,

Otto-von-Guericke University Magdeburg, Leipziger, D-39120 Magdeburg, Germany

Received June 10, 2017; Accepted October 2, 2017

DOI: 10.3892/etm.2017.5315

Abstract. Asphyxial cardiac arrest (ACA)-induced ischemia
results in acute and delayed neuronal cell death. The early
reperfusion phase is critical for the outcome. Intervention
strategies directed to this period are promising to reduce
ACA /resuscitation-dependent impairments. This study
focused on the evaluation of the protective potential of an
extract from Gynostemma pentaphyllum (GP), a plant used in
traditional medicine with antioxidative, glucose lowering and
neuroprotective activities, in an ACA rat model. We tested the
following parameters: i) Basic systemic parameters such as
pCO, and blood glucose value within the first 30 min post-ACA,;
ii) mitochondrial response by determining activities of citrate
synthase, respiratory chain complexes I + III and II + III, and the
composition of cardiolipin 6 and 24 h post-ACA; iii) neuronal
vitality of the CA1 hippocampal region by immunohistochemistry
24 h and 7 days post-ACA; and iv) cognitive function by a novel
object recognition test 7 days post-ACA. GP, administered after
reaching spontaneous circulation, counteracted the following:
i) ACA-mediated increases in arterial CO, tension and blood
glucose values; ii) transient increase in the activity of the
respiratory chain complexes II + III; iii) elevation in cardiolipin
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content; iv) hippocampal CA1 neurodegeneration, and v) loss
of normal novelty-object seeking. The protective effects of GP
were accompanied by side effects of the vehicle DMSO, such as
the stimulation of citrate synthase activity in control animals,
inhibition of cardiolipin synthesis in ACA animals and complex
II + III activity in both control and ACA animals. The results
emphasize the importance of the early post-resuscitation phase
for the neurological outcome after ACA/resuscitation, and
demonstrated the power of GP substitution as neuroprotective
intervention. Moreover, the results underline the need of a
careful handling of the popular vehicle DMSO.

Introduction

Cardiac arrest (CA) is a common cause of disability and
mortality and thus an important risk to human health. CA
initiates an ischemia/reperfusion scenario in the entire
organism with particular impact for the CNS. Oxidative
stress, excitotoxicity and neuro-inflammation contribute
to the impairment of the brain. Within the ischemic phase
the deprivation of substrate and oxygen causes dramatic
restriction in mitochondrial ATP production which essentially
contributes to energetic deficits in the brain. The duration of
ischemia determines the extent of damage. Reperfusion results
in a dramatic increase in the concentration of reactive oxygen
species (ROS). Oxidation of mitochondrial constituents can
cause membrane permeabilization and coupled to restriction
in ATP production (1,2). As a consequence, cell death may
occur.

It has been shown that the early reperfusion phase
is of particular impact for the damage of neuronal cells.
Therefore, intervention concepts directed to the early phase
of cerebral reperfusion are promising for the reduction
of early and late impairments of neuronal cells after
resuscitation (3,4). Numerous efforts have been undertaken
including hypothermia (5), application of antioxidants (3) or
noble gases (6) and normoxic resuscitation (7) to improve
the neurological outcome in patients after CA. Although
significant progress could be achieved there is still a need
for further improvement of the intervention including the
development of new drugs. According to the AHA's Heart
and Stroke Statistics (2017 update) (8), the annual incidence
of out-of-hospital CAs in the U.S. is ~111/100,000. Of
those patients treated by emergency medical services, only
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23.8% survived. This motivated us to study the effect of an
extract from Gynostemma pentaphyllum (GP) Makino on
CA-depending brain injury. GP is also known as Jiaogulan
or xiancao, the ‘Herb of Immortality’. It grows throughout
Asian countries. It was first described in 1406 CE by Zhu
Xiao in the book Materia Medica for Famine as useful
survival food (9). Medical use of Jiaogulan has been recorded
in 1578 in Li Shi-Zehen's Compendium of Materia Medica
for the treatment of hematuria, edema in the pharynx
and neck, tumors, and trauma (10). Today, Jiaogulan is
appreciated as a medical plant with powerful biological
effects. At the International Conference of TCM in Beijjing
in 1991, Jiaogulan was declared to be one of 10 most effective
medicinal plants used for a variety of as much as 54 diseases,
conditions and syndromes, e.g., cardiovascular disease,
hypertension, hepatitis, atherosclerosis, inflammation,
and cancer. It is composed of a complex mixture of about
80 gypenosides, several amino acids, vitamins, and trace
elements. Jiaogulan appertains to a class of plants called
adaptogens. These herbs help the body to adapt to many
forms of stress and imbalance. It exerts a unique two-way
action on the central nervous system, calming the nerves
when they are irritated and gently energizing them when they
are depressed (11). Further beneficial effects attributed to
GP are strong antioxidative activities (12), glucose lowering
activities (13) and neuroprotective activity (14).

In the past we studied effects of GP on isolated
mitochondria exposed to hypoxia/reoxygenation (15). There
is increasing evidence that the mitochondrial phospholipid
cardiolipin (CL) is an important component of oxidative
phosphorylation mediating the transport of electrons along
the respiratory chain and supporting ATP synthesis (16).
Both the amount of CL and the composition of its molecular
species affect the function of respiratory chain complexes
and F,F,-ATPase (17). It has been demonstrated that
oxidation and subsequent degradation of molecular CL
species can occur during ischemia/reperfusion (18,19). We
demonstrated a complete protection from permeabilization of
the mitochondrial membrane system by GP (15). Moreover,
GP prevented functional impairment of brain slices that
were challenged with oxygen glucose deprivation even when
GP was administered with reperfusion (20).

Indication for protective effects of GP in vivo has been
provided previously (21). The authors demonstrated an
attenuation of cognitive impairment at chronic cerebral
hypo-perfusion in rats due to GP administration. Data
regarding effects of GP on CA/resuscitation-mediated
impairment of the CNS are, however, missing, although CA
is one of the top three causes of death in the industrial world.

We tested the neuroprotective potential of GP in our
well-established asphyxia induced CA (ACA) model in
rat (22-24). In order to mimic the practical situation in health
care in which intervention starts at best with but mostly after
resuscitation, we applied GP simultaneously with resuscita-
tion. In order to evaluate ACA-induced damage of the brain
we examined vital parameters, novel object recognition as
well as hippocampal cellular formation. Further, we focused
on the impairment of mitochondria by evaluating amount and
composition of CL, amount of mitochondria and activities of
respiratory chain complexes.
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Materials and methods

ACA model-animals and intervention protocol. Ethical
approval for this study was granted according to the require-
ments of the German Animal Welfare Act on the Use
of Experimental Animals and the Animal Care and Use
Committees of Saxony-Anhalt (permit number 42502-2-2-947
Uni MD). Male rats (300-400 g; Institute's breeding popula-
tion of inbred Wistar rats; Harlan-Winkelmann, Borchen,
Germany; altogether 162; 128 included, 34 excluded, see
below) were housed under controlled laboratory conditions
(light cycle of 12 h light/12 h dark; lights on at 6:00 a.m.;
temperature, 20+2°C; air humidity, 55-60%) with free access
to water and chow. Every effort, including restriction to one
single GP dose, was made to minimize the amount of suffering
and the number of animals used in the experiments.

The study comprised of the following groups:
i) Sham-operated; ii) sham-operated with DMSO applied once
at the moment of spontaneous circulation re-establishment;
iii) sham-operated with GP applied once at the moment of
spontaneous circulation re-establishment; iv) ACA-treated;
v) ACA-treated with DMSO applied once at the moment of
spontaneous circulation re-establishment; vi) ACA-treated
with GP applied once at the moment of spontaneous circulation
re-establishment; vii) sham-operated with daily applied
DMSO for 7 days; viii) sham-operated with daily applied
GP for 7 days; ix) ACA-treated with daily applied DMSO for
7 days; and x) ACA-treated with daily applied GP for 7 days.

Groups i-vi consisted of 18 animals each; 5 for evaluation
of mitochondrial parameters 6 h after ACA, 5 for evaluation of
mitochondrial parameters 24 h after ACA, 3 for assessment
of neurodegeneration 24 h after ACA, 5 for assessment of
neurodegeneration 7 days after ACA; groups vii-x consisted of
5 animals each; altogether 128 animals. DMSO groups were
installed to discriminate between GP effects and artificial
effects of its solubilizer DMSO.

Anesthesia was induced with 5% sevoflurane (Pfizer
GmbH, Berlin, Germany) in an oxygen/nitrous oxide mixture
(40:60) via facemask followed by endotracheal intubation with
a modified laryngoscope and a venous catheter and muscular
relaxation with vecuronium (1 mg/kg; Pfizer). Mechanical
ventilation was performed with intermittent positive pressure
ventilation (IPPV). For drug administration, blood sampling,
and continuous blood pressure monitoring both left femoral
vessels were cannulated with polyethylene catheters. After
5 min of room air ventilation and baseline control, ACA was
induced by an end-expiratory interruption of IPPV on para-
lyzed rats for 6 min. ACA (defined as a non-pulsatile blood
pressure of less than 10 mmHg) was reached within approxi-
mately 3 min (Fig. 1).

Resuscitation was performed by the administration of
epinephrine (i.v.; 1 pug/kg; Pfizer) and sodium bicarbonate
(I mEq/kg), restarting IPPV with 100% oxygen for 1 h, and
manual external chest compression (200/min). Return of
spontaneous circulation (ROSC) was defined as a pulsatile
mean arterial pressure (MAP) above 60 mmHg. Rats with
no ROSC within 2 min were excluded (altogether 34). The
2-min interval is our lab standard to avoid non-homogeneous
ACA periods leading to pathophysiological differences and,
subsequently, to the need for larger numbers of animals. Vital
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Figure 1. Characterisation of the ethanolic Gynostemma pentaphyllum extract. HPLC chromatogram of saponins from G. pentaphyllum extract with MS
detection. Peak 1, Gypenoside LXIII (retention time, 16.373; content, 129.4 ppm); Peak 2, Gypenoside LXIII (retention time, 17.297; content, 316.4 ppm);
Peak 3, Gypenoside IV (Ginsenoside Rb,. retention time, 20.497; content, 5899.5 ppm); Peak 4, Gypenoside VIII (Ginsenoside Rd; retention time, 29.813;

content, 414.0 ppm) [as published in (25)].

parameters (ECG, blood pressure, temperature, airway pres-
sure) were monitored continuously during the first 30 min
of the post-resuscitation intensive-care phase. At 5, 15 and
30 min after ROSC, arterial blood samples were collected and
evaluated for blood gases (pCO,, pO,), pH and glucose. After
sufficient spontaneous respiration was established (~30 min
post ROSC), catheters were removed, cannulated vessels
were ligated and incisions were surgically closed. Rats were
extubated and returned to their cages. Body temperature was
maintained at 37+0.3°C during preparation, insult and the first
30 min post-ROSC. Thereafter, normal body temperature was
stably maintained within normal range by placing the rats in
an incubator cage for 24 h.

Gynostemma pentaphyllum (GP)/DMSO intervention. The
standardized GP powder, obtained by extraction of dried
aerial parts with 75% ethanol/25% water, was received from
Herbasin Co., Ltd. (Shenyang, China; batch no. 061001E074).
The extract composition was certified by the manufacturer.
According to the manufacturer, the extract contained a
gypenoside content of 99.7%, a heavy metal contamination
<10 ppm and no microbiological contamination. In the
HPLC-fingerprint performed by the consumer, eight peaks
corresponding to gypenosides were detected (15). In particular,
Gypenoside LXIII, Gypenoside Rb; and Gypenoside VIII
could be identified (Fig. 1) (25). The retention times of specific
gypenosides were determined by using standard gypenosides
in separate experiments. The respective method has been
described in detail previously (25). Briefly: Sample preparation:
5 mg of the dried ethanolic extract were dissolved in 1 ml of
ethanol, filtered over Millipore® filtration unit, type 0.45 pm,
and injected into the HPLC apparatus. Injection volume:
Gynostemma pentaphyllum extract: 20.0 ul. HPLC parameter:
Apparatus: MERCK HITACHI D-6000 A Interface, MERCK
HITACHI AS-2000 Autosampler, MERCK HITACHI L-6200
A Intelligent Pump. Separation column: LiChroCART®
250-4 LiChrospher® 100 RP-18 (5 ym) (Merck). Precolumn:
LiChroCART® 4-4 LiChrospher® 100 RP-18 (5 um) (Merck).
Solvent: A: dist. Water (Millipore Ultra Clear UV plus®
filtered), B: acetonitrile (Fa. VWR). Gradient: 5-100% B in
60 min, total runtime: 60 min. Flow: 0.8 ml/min. A single

quadruple mass spectrometer (LC/MS) with electrospray
ionization (ESI) in negative mode was used for detection (26).

GP powder (60 mg) was dissolved in 0.5 ml DMSO and
diluted with PBS (phosphate-buffered saline) to a final volume
of 10 ml. In pilot studies a volume of 200 ul of this solution
injected i.p. was found to be optimal for fast resorption and
distribution within the circulation.

The tolerability and efficacy of GP was tested in vitro
using both cultures of dispersed astrocytes and hippocampal
slices (20). A dosis of 60 pg/ml was found to be optimal
in vitro. The applied 200 pl of the stock solution contained
1,200 ug GP. At an average animal weight of about 350 g/a
blood volume of about 20 ml that resulted in the intended final
concentration of 60 pg/ml.

As vehicle control a corresponding DMSO solution was
injected. First dose of GP/DMSO was administered at the time
when spontaneous circulation was re-established. In groups
vii-x, GP or DMSO were additionally administered every
morning for the next 6 days.

Preparation of tissue homogenates. After the respective
survival times, animals were sacrificed by over-dosed anes-
thesia (isoflurane 10% in a in a 4.35 1 sealed desiccator; Baxter,
Unterschleissheim, Germany). Brains were quickly removed
and hippocampi were separated on ice, weighed, minced using
small scissors, transferred into ice-cold phosphate buffer solu-
tion (PBS; pH 7.4; 10% tissue portion) and homogenized at 4°C
using a Potter-Elvehjem glass-Teflon homogenizer (10 strokes
at 600 rpm). The mitochondrial parameters citrate synthase
activity, NADH:cytochrome ¢ oxidoreductase activity,
succinate:cytochrome c oxidoreductase activity and cardio-
lipin were determined by using the homogenates. The data
were related either to mg protein of the homogenate or to the
activity of the mitochondrial marker enzyme citrate synthase.

Determination of citrate synthase activity (EC 2.3.3.1).
Citrate synthase (CS) activity was assayed in homogenates
of hippocampi 6 and 24 h after ACA using a standard proce-
dure at 30°C (27). Before running the assay samples were
fivefold frozen and defrosted to permeabilize membranes.
Homogenates of 40 ug were evaluated. The increase of CoA
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absorption was monitored at 412 nm with a Cary 100 Bio
spectrophotometer (Varian, Darmstadt, Germany).

Determination of NADH :cytochrome c oxidoreductase activity
(EC 1.6.99.3). The parameter was assayed in homogenates
of hippocampi 6 and 24 h after ACA. Samples (500 pl) of
the respective tissue homogenates were fivefold frozen and
defrosted to permeabilize membranes. A volume of 15 ul
(40 ug protein) was used to run the standard assay at 30°C.
The reduction of cytochrome ¢ was followed by measuring the
absorption at 550 nm with a Cary 100 Bio spectrophotometer
(Varian). The rotenone-sensitive absorption was used for
quantification.

Determination of succinate:cytochrome c¢ oxidoreductase
activity (EC 1.3.5.1). The parameter was assayed in
homogenates of hippocampi 6 and 24 h after ACA. Samples
(500 pul) of the respective tissue homogenates were fivefold
frozen and defrosted to permeabilize membranes. A volume of
15 pl (40 ug protein) was used to run the standard assay at 30°C.
The reduction of cytochrome ¢ was followed by measuring the
absorption at 550 nm with a Cary 100 Bio spectrophotometer
(Varian). The antimycin A-sensitive absorption was used for
quantification.

Assessment of cardiolipin (CL). CL was also analyzed in
hippocampi 24 h after ACA. Therefore, samples (see above)
were frozen on dry ice and stored at -80°C until CL analysis,
steps of which were 1) extraction of CL, 50 ng of tetra-myris-
toyl-CL [(C14:0),-CL; Avanti Polar Lipids Inc., Alabaster, AL,
USA; internal standard] and 4.2 ml chloroform/methanol (2/1,
v/v) containing 0.05% butylated hydroxytoluene (BHT; Avanti
Polar Lipids Inc.) were added to 100 ul of defrosted tissue
homogenates. The lipid and aqueous phases were separated by
adding 800 ul of 0.01 M HCl, intensive shaking and subsequent
centrifugation. After centrifugation, the lipid phase (lower
phase) was collected and dried under nitrogen atmosphere and
acidified. Ice-cold methanol (2 ml), chloroform (1 ml) and 1 ml
of 0.1 M HCI were added. The solution was intensively mixed.
After 5 min of incubation on ice the samples were separated
by the addition of chloroform (1 ml) and 0.1 M HCI (1 ml). The
chloroform/methanol phase was recovered as CL-containing
sample. Afterwards, the samples were dried under nitrogen and
dissolved in 0.8 ml chloroform/methanol/water (50/45/5, v/v/v).
After mixing and filtering of the mixture over 0.2 yum PTFE
membranes the samples were ready for use. ii) HPLC-MS/MS
analysis as described in detail earlier (28).

Determination of protein. The protein content was determined
according to the Bradford method (29) using bovine serum
albumin as the standard.

Assessment of brain degeneration. After survival times of 24 h
and 7 days, anaesthetized rats were sacrificed by transcardial
perfusion with 4% 0.1 M phosphate-buffered paraformalde-
hyde (PFA; pH 7.4; Millipore, Darmstadt, Germany). The
brains were quickly removed, post-fixed in the same fixative
at 4°C overnight, cryoprotected in 30% sucrose in 0.4% PFA
(pH 7.4) for 2 days, and rapidly frozen at -20°C. Slice prepara-
tion and staining procedure were performed as described (24).
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The following mixtures of primary antibodies (diluted in
10% fetal calf serum and 0.3% Triton-X 100 in PBS) were
used: (i) Mouse monoclonal anti-NeuN (neuronal nuclei anti-
body; Chemicon, Billerica, USA; 1:100) and polyclonal rabbit
anti-glial fibrillary acidic protein (GFAP; Progen, Heidelberg,
Germany; 1:500), and ii) monoclonal mouse anti-MAP2
(microtubule-associated protein 2; Covance, Miinster,
Germany; 1:1,000); and rabbit polyclonal anti-ionized calcium
binding adaptor molecule 1, (IBA1; Abcam, Cambridge, UK;
1:1,000). The mixture of the secondary antibodies consisted of
goat anti-mouse Alexa 488 (green; Invitrogen, Carlsbad, USA;
1:500) and donkey anti-rabbit Cy3 (red; Dianova, Hamburg,
Germany; 1:500) and was diluted in 1% normal goat serum
and 0.3% Triton-X in PBS.

Using an Axiolmager.M1 fluorescence microscope (Zeiss,
Jena, Germany; with a Plan-Neofluar fluorescein/rhoda-
mine objectives) slices were evaluated. For MAP2 analysis,
five alternating slices/animal were scanned image field by
image field (objective x40/0.75) to compose an image of the
complete hippocampus (1,388x900 pixel; AxioVision software
‘Panorama’, Zeiss). After that a standard evaluation window
(500x300 pixel), including the complete hippocampal CAl
region, was selected manually and the respective staining
intensity was quantified using ImageJ software (http:/rsbweb.
nih.gov/ij/).

For quantification of pyknotic (24 h post-intervention) and
normal NeuN-positive (7 days post-intervention) cells of the
CAl region, the AxioVision z-stack software (Zeiss) was used
to get a composition image from 5-8 single images (objec-
tive x40/0.75) taken at different focal distances of the slice.
All clearly recognizable pyknotic/hyperchromatic cells and
NeuN-positive cells were counted unbiased.

GFAP and IBA1 immunostainings of the hippocampal
CAl region were only descriptively analyzed.

For each antibody, microscopic settings and the expo-
sure time of the fluorescence channels were set on the
basis of control slices and kept equal for the corresponding
preparation.

Novel object recognition test. After 7 days of survival, rats
underwent the object recognition test in an open field (clear
Plexiglas, 50 cm wide x25 cm high) combined with a video
tracking system (VPC-FHI; Sanyo Electric, Moriguchi, Japan).
The experiment started with an adaptation trial without object
in the open field, followed by two sessions, a sampling and a
test trial, each 6 min long. In the sampling session, rats explored
one object (Al, glass bottle 12 cm tall, 5 cm wide). The test
session was conducted 120 min later by allowing rats to explore
object A (now A2) together with a novel object (B, metal box,
5 cm tall x5 cm wide). Thereby object A was placed at the same
place as in the first session. Each session was video recorded
for later analysis. Three independent experimenters, blinded to
group treatment, scored each behavioral test. Exploration was
defined as sniffing or touching the object with the nose. Longer
exploration duration of object B vs. object A2 can be interpreted
as evidence for an intact recognition memory (30). Moreover,
global habituation (comparison of the total time spent in
exploring object Al during the sampling session to the summa-
rized total time spent in exploring objects A2 and B in the test
phase) was determined. Data are presented as mean + SD.
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Figure 2. Examples of cardiovascular response to ACA/resuscitation. 1, MAP ~120 mmHg; 2, MAP ~200 mmHg; 3, stop of mechanical ventilation and start
of asphyxia; 4, start of cardio pulmonary resuscitation; 5, time point of possible intervention with DMSO or GP. GP, Gynostemma pentaphyllum; DMSO,

dimethyl sulfoxide; ECG, electrocardiogram.

Statistical analysis. All quantitative data are presented
as the mean + SD per animal. The means (the exact n is
given in the respective figure legends) were analyzed with
the non-parametric Kruskal-Wallis test and the Dunn's
multiple comparison post-hoc test using Graph Pad Prism 6
(GraphPad Software Inc., La Jolla, CA, USA). For intra-group
differences of sham- and ACA-animals one-way ANOVA
was performed. Differences of groups with equal treatment
regimens but different survival times were analyzed with
the Wilcoxon-Mann-Whitney-test. In either case P<0.05 was
considered to indicate a statistically significant difference.

Results

Effect of ACA and DMSO/GP on vital parameters. The
preparation of animals including anesthesia via facemask,
trachea intubation, cannulation of the left femoral vessels
and determination of baseline parameters required
22+5 min. Fig. 2 illustrates the recording of ECG, arterial
blood pressure and ventilation. In sham-operated animals,
DMSO/GP intervention did not influence ECG and blood
pressure pattern. In ACA animals, arterial blood pressure
dropped to null line after 170+28 sec of asphyxiation without
statistical difference between the three ACA groups. Shortly
after stop of ventilation, the ECG signal amplitude became

suppressed with remarkable fluctuation. It proceeded to
asystole within 180450 sec. The recording was aggravated
by typical technical transients. When 6 min of asphyxiation
were completed, resuscitation was initiated. Thereby, ROSC
was achieved within 30+24 sec. Independent of DMSO/GP
intervention, resume of ECG activity started with an initial
pattern resemblant to burst-suppression.

The time course of the basic vital parameters is displayed
in Fig. 3. ACA induced a transient increase of MAP (hyperten-
sive in tendency 1 min after ACA but, not significant, P=0.07
returning to normal values afterwards; Fig. 3A), a significant
increase of heart rate (Fig. 3B), of arterial carbon dioxide
tension (pCO,; Fig. 3C) and of blood glucose values (Fig. 3E),
whereas pH levels were significantly reduced (Fig. 3F). In the
presence of GP, the ACA-mediated increase of pCO, (Fig. 3C)
and blood glucose concentration (Fig. 3E) was prevented.
DMSO was able to normalize both ACA-mediated increases
too (Fig. 3C and E).

Preparation of the animals did not affect these vital param-
eters; all parameters were within the physiological ranges
(baseline). The arterial pO, of ACA-animals was increased
after 30 min as consequence of ventilation with 100% oxygen
(Fig. 3D). The body temperature (tympanal and rectal) was not
affected within the 30 min-monitoring period after resuscita-
tion (data not shown).
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Effect of ACA and DMSO/GP on amount of mitochondria and
activity of respiratory chain complexes. We used the activity
of CS as marker for the amount of mitochondria in order to
study changes in mitochondrial mass. In sham animals, 6 h after
treatment (early response) increased values of CS were found
in animals exposed to DMSO as the vehicle control (Fig. 4A).
However, in combination with GP no effect was observed
(Fig. 4A). Twenty four hours after treatment (late response), no
effect of DMSO could be detected in sham animals (Fig. 4B).
In ACA treated animals, DMSO did not cause changes in CS
activity at all (Fig. 4A, B). GP caused increase in CS activity
only in ACA animals at both time points (Fig. 4A, B).

In order to explore the effect of ACA on the expression of
respiratory chain complexes in mitochondria the activities of
NADH-cytochrome ¢ oxidoreductase (complex I + III) and
succinate:cytochrome ¢ oxidoreductase (complex II + III) were
analyzed. For clear interpretation of the data, the complex
activities were related to protein content of homogenate samples
(Fig.4C,D, G, H) or to CS activities representing the mitochon-
drial amount in the homogenate (Fig. 4E, F, I, J). When complex
I + IIT activities were related to mg protein of homogenate
samples similar results of GP as for citrate synthase activities

were obtained (Fig. 4C, D). The specific complex I + III activi-
ties (related to CS activity) displayed no singular DMSO or GP
effect. 6 h after treatment, we detected increased specific activi-
ties of complex I + III of all ACA-treated animals in comparison
to the respective sham operated groups (Fig. 4E). Twenty four h
after treatment, the specific complex I + III activities of all sham
animals were in tendency elevated possibly indicating a stress
response to anesthesia (Fig. 4F).

The analysis of complex II + III activities revealed that
DMSO caused decrease in complex activity in sham operated
and in ACA-treated animals 6 h post ACA as a side effect
(Fig. 4G, I). This effect declined with survival time (Fig. 4H, J).
ACA alone caused increase in complex II + III activity 6 h after
treatment (Fig. 4G, I) that was not detected in the presence of GP.
Moreover, GP neutralized the side effect of DMSO (Fig. 4G, I).

Content and composition of the mitochondrial phospholipid
CL. To evaluate the CL tissue content the amount of CL was
related to mg protein of homogenate. The corresponding
data are presented in Fig. SA. For the determination of the
specific mitochondrial content of CL the data were related
to the activity of the mitochondrial marker enzyme CS.
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Figure 4. Effect of ACA on mitochondrial content and respiratory chain
complex activities. (A and B) Citrate synthase (CS) activities and specific activ-
ities of the respiratory chain complexes I + III (C and D) and II + III (G and
H) were determined in hippocampus after 6 h (A, C, E, G and I) and 24 h (B,
D,F,HandJ). GP and the vehicle control DMSO were administered with resusci-
tation. Specific respiratory chain complex activities were calculated by relating
the data to CS activities (E, F, I and J). Data are expressed as mean + SD from
5 animals. Significance of differences was tested with Kruskal-Wallis/Dunn's
post-hoc test; ("P<0.05; “P<0.005, ““P<0.001). ACA, asphyxial cardiac arrest;
GP, Gynostemma pentaphyllum; DMSO, dimethyl sulfoxide.

These data are presented in Fig. 5B. ACA caused significant
increase in both the tissue content of CL and in the mito-
chondrial CL content. The stimulation of CL synthesis by

EXPERIMENTAL AND THERAPEUTIC MEDICINE 14: 6034-6046, 2017

A Cardiolipin
10-
* *
£ s o
3
o 6-
£
B 4
=
o
) 2
0.
Sham ACA
@ DMSO GP @ DMSO GP
B o.2s5- . -
—
0.204
2
8 g 0.154
J £
O E 0.10-
»
2 0.05-
0.00-
Sham ACA
a DMSO GP %] DMSO GP

Figure 5. Effect of ACA on mitochondrial CL content. CL content was
determined in hippocampus after 24 h. GP and the vehicle control DMSO
were administered with resuscitation. (A) CL content in absolute values.
(B) Mitochondrial CL contents were calculated by relating the data to citrate
synthase activities (See Fig. 3A and B). Data are expressed as mean + SD from
5 animals. Significance of differences was tested with Kruskal-Wallis/Dunn's
post-hoc test, ("P<0.05; “P<0.005). CD, cardiolipin; GP, Gynostemma
pentaphyllum; DMSO, dimethyl sulfoxide; ACA, asphyxial cardiac arrest.

ACA was prevented by the administration of DMSO and GP,
respectively. We did not find any change in the composition
of molecular CL species under the conditions of investigation
(data not shown).

Histological outcome of hippocampal CAI region 24 h
post ACA. In sham animals, the NeuN-immunostaining
showed intact hippocampal CAl neurons (Fig. 6A). The
MAP2-immunostained fiber net (Fig. 6B) was well developed.
The patterns of GFAP-positive astroglia (Fig. 6A) or
IB1-positive microglia (Fig. 6B) conformed to norms. In
DMSO-treated sham animals, a couple of pyknotic cells
was seen in the CAl pyramidal cell layer (Fig. 6C, arrows).
Pyknotic cells are characterized by size-reduction and/or
condensation usually associated with hyperchromatosis, that
has been demonstrated by NeuN immunostained nuclei. It
indicated cell death induction by DMSO, which was confirmed
by MAP?2 staining, offering an ongoing loosening up of the
nerve fiber net (Fig. 6D). The pattern of astroglia (Fig. 6C) and
microglia (Fig. 6D) showed signs of activation. The respective
staining patterns of GP-treated sham animals were identical to
those of the untreated group (data not shown).

In the hippocampal CAl pyramidal cell layer of ACA
treated animals (Fig. 6E), a massive increase of pyknotic cells
(arrows) as well as first cell losses (arrowheads) were found. The
respective MAP2-positive fiber nets revealed distinct signs of
disruption (Fig. 6F). Yet, astroglia activation was not evidenced
by GFAP immunostaining (Fig. 6E). Activation of microglia
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Figure 6. Representative fluorescence images of rat hippocampal CAl pyramidal cell layer 24 h post intervention. For better orientation please refer to the
hippocampal scheme below the microphotographs. The CAl region is highlighted in red. (A) Sham-operated animals with normal pattern of NeuN-positive
(green) neurons and GFAP-positive astroglial cells (red). (B) Sham-operated animals with regularly formed MAP2-positive (green) fiber networks in the strata
radiatum and oriens and normally distributed ramified IBA 1-positive microglial cells (red). (C) Sham-operated animals with DMSO intervention offering first
signs of neuronal pyknosis (arrows). The GFAP-related astroglia state seem to be, however, unchanged. (D) Sham-operated animals with DMSO intervention
offering first signs of fiber net break up. The IBA1-positive microglia offer signs of activation by starting to change from ramified to amoeboid form (arrows).
(E) ACA-animals with pyknotic cells (arrows) and some neuronal loss (arrowheads), whereas the astroglial pattern still remains sham-like. (F) ACA-animals
with disrupted fiber net (MAP2) and activated IBA1-stained microglia (arrow). (G) ACA-animals with GP intervention offering a reduced number of pyknotic
cells (arrow) at unchanged astroglial state. (H) ACA-animals with GP intervention offering a less scattered fiber net (MAP2) and a mostly ramified microglia.
(I) Semi-quantitative analysis of pyknotic NeuN-positive neurons; data are mean + SD; Kruskal-Wallis/Dunn's post-hoc test; n=3 animals/group; ““P<0.001.

ACA, asphyxia cardiac arrest; GP, Gynostemma pentaphyllum; DMSO, dimethyl sulfoxide; the given bars apply for all respective pictures.

was, however, clearly demonstrable; the cell bodies became
more rounded and the originally ramified branches became
shorter and stockier (arrow in Fig. 6F). The respective staining
patterns of DMSO-treated ACA-animals were identical to those
of the untreated ACA group (data not shown). In case of GP
administration, neuroprotective tendencies were found: lower
number of pyknotic neurons (arrows in Fig. 6G) and less disruption
of the MAP2-positive fiber net (Fig. 6H). Semi-quantification of
pyknotic NeuN-positive cells is given in Fig. 61.

Histological outcome of hippocampal CAl region 7 days
post-ACA. In untreated sham-operated animals, NeuN

(Fig. 7A) as well as MAP2 (Fig. 7B) immunostaining revealed
intact hippocampal CA1 neurons with a dense fiber network.
A consistent standard pattern of GFAP-positive astroglia
(Fig. 7C) and IBI1-positive microglia (Fig. 7D) was also
evident. In both, onetime (shown in Fig. 7E-H) or multiple
(not shown) DMSO-treated sham-animals, the NeuN-stained
CAl pyramidal cell layer showed a spotty cell loss (arrows
in Fig. 7E). These areas offered a narrow accumulation of
IBA1l-positive microglia cells (arrows in Fig. 7H). MAP2
(Fig. 7F) and GFAP (Fig. 7G) immunostainings revealed,
however, regular patterns. In GP treated sham-animals, there
were no signs of abnormal neuronal viability or cell pattern,
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Figure 7. Representative fluorescence images of rat hippocampal CA1 pyramidal cell layer 7 days post-intervention. In untreated sham-operated animals, the
CA1 pyramidal cell line (A) NeuN, the respective fiber network (B) MAP2, the astroglia pattern (C) GFAP, and the microglia shape (D) IBA1 were normal.
Intervention with onetime applied DMSO induced a spotty loss of pyramidal cells (arrows in E). The respective fiber network (F) and the astroglia shape (K)
showed, however, no abnormalities. IBA1 staining offered a limited microglia accumulation in the region of damaged neurons (arrows in H). In GP treated
sham-animals, the CA1 pyramidal cell line (I), the respective fiber network (J), the astroglia pattern (K), and the microglia shape (L) were again properly formed.
ACA induced a massive loss of CA1 pyramidal cells. The neuronal cell loss was indicated by the distinct reduction of NeuN immunofluorescence signal (M)
as well as by the massive reduction of MAP2 staining of the respective nerve fiber network (N). Consistently, significant activation of astroglia, indicated by
massive upregulation of GFAP staining (O), and activation of microglia, indicated by upregulation of IBA1 immunofluorescence signal (P) were seen. Thereby,
microglia conversed from ramified to amoeboid cell morphology (insert D vs. insert P). (Q-T) Onetime applied DMSO treatment did not further amplify these
ACA-induced signs of neurodegeneration. (U-X) Onetime applied GP counteracted these ACA-induced processes to some extent. NeuN-positive CA1 neurons
were partly preserved (U) and also some MAP2-positive nerve fibers survived (V). Patterns of astroglia (W) and microglia (X) were, however, equally sever
pronounced as in ACA and ACA-DMSO animals. (Y) Semi-quantification of NeuN-positive CA1 neurons. (Z) Semi-quantification of MAP2-stained CA1 fibers.
Data are mean + SD; Kruskal-Wallis/Dunn's post-hoc test ('P<0.05; ““P<0.001) and one-way ANOVA for intra-group differences of ACA-animals (*P<0.005);
all with n=5/group, ACA, asphyxia cardiac arrest; GP, Gynostemma pentaphyllum; MAP2, microtubule-associated protein 2; NeuN, neuronal nuclei; GFAP,
glial fibrillary acidic protein; IBA1, ionized calcium binding adaptor molecule 1; DMSO, dimethyl sulfoxide; the given bar applies for all pictures.

irrespective of whether GP was applied once or multiple
(Fig. 71-L, demonstrated for onetime applied GP). That indi-
cates that GP was able to counteract cell stress mediated by
the vehicle DMSO.

In ACA-animals, the hippocampal NeuN-stained CA1l
pyramidal cells were massively degenerated (Fig. 7M). In
parallel, MAP2 immunostained nerve fibers showed a massive
failure (Fig. 7N). Activation of GFAP-positive astroglia
(Fig. 70) and IBA1-positive microglia (Fig. 7P) was clearly
evident. That was demonstrated by enhanced immunoreactivity
of the resident glia cells. Moreover, microglia migration as
well as conversion from ramified to amoeboid cell morphology

took place (insert Fig. 7D vs. insert 7P). DMSO intervention,
irrespective of its application regime, did not further impair
these patterns (Fig. 7Q-T; demonstrated for onetime applied
DMSO). GP, independently of its application regime, was
able to counteract these degenerative changes to some degree;
the band of NeuN-positive CA1 neurons seemed to be partly
retained (Fig. 7U, demonstrated for onetime applied GP) and
some of MAP2-positive fibers survived (Fig. 7V). Activation
of astroglia (Fig. 7W) as well as microglia (Fig. 7X) was
as high as in ACA and ACA-DMSO animals. Obviously,
the strong neurodegenerative potential of ACA limited the
GP-mediated neuroprotection. Semi-quantification is given for
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NeuN-positive CA1 neurons in Fig. 7Y and for MAP2-stained
CALl fibers in Fig. 7Z.

Novel object recognition test. Sham-operated rats, indepen-
dent of non-/DMSO-/GP-treatment, were able to discriminate
between a ‘known’ and a novel object; the exploration time of
object B at simultaneous presence of object A (A2) was roughly
twice as long (Fig. 8A). Moreover, the totalized exploration
time for A2 plus B in the test trial was significantly higher than
for object A alone (A1) in the sampling trial (Fig. 8B).

The recognition ability of ACA-stressed animals without
DMSO- or GP-intervention was, actually unexpected,
unchanged when compared with sham-animals. The explora-
tion time difference (B vs. A2) was even more pronounced
(Fig. 8A). Now, this pattern was moderately affected by
DMSO and dramatically by GP. DMSO-treated animals
seemed to be better in the recognition of the ‘known’ object
A (Al vs. A2 significantly different; P<0.05). This effect of
better recognition, even more distinctive (P<0.001), was also
found in GP-treated rats. Additionally, the sampling behavior
of the GP-treated ACA-stressed animals was extremely
pronounced. They explored object Al significantly longer than
animals from all other groups (Fig. 8A). And the GP-treated
animals were the only group with significant shorter (P<0.05)
exploration time for the novel object B when compared with
the exploration time of object A at the first session.

As demonstrated in Fig. 8B, the GP-effect in ACA-animals
was strong enough to completely reverse the significant
difference of the global habituation pattern. In the test
trial (object A2 + B), the exploration time of GP-treated
ACA-animals was significantly lower (P<0.05) then the time
they spend to explore object Al in the first session. DMSO
treatment of ACA-animals reduced the difference between
exploration times when both sessions were compared, but it
was not able to reverse the difference of the global habituation
pattern.

Discussion

This study was undertaken to test the neuroprotective effects
of an ethanolic extract from GP applied simultaneously with
resuscitation after ACA. To simulate this clinical relevant
situation we used our expensive animal model of ACA (24).
This experimental approach is appropriate to study clinical
relevant the consequences of ACA in brain (3,31).

We applied an ethanolic extract from GP and used DMSO
instead of ethanol as the solvent. This decision was founded on
our previous work on brain slices reporting effects of GP on
evoked potentials in hippocampus in rats exposed to transient
oxygen/glucose deprivation (15,20). In this model it has been
demonstrated by others that ethanol caused a dramatic decrease
in evoked potentials especially in the hippocampal CA1 region
due to modulation of GABA and NMDA receptors (32,33).
DMSO doesn't cause such detrimental effects (34,35). With
respect to other potential side effects we used the lowest
possible DMSO concentration that we estimated to be lower
than 0.5% DMSO within the circulation. At this concentration
no side effect was found in vitro (36) and also in vivo (37).
Nevertheless, we got a series of DMSO effects which will be
discussed in the respective chapters.
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Figure 8. Novel object recognition test 7 days post ACA and resuscitation.
(A) Mean of total time (%) spent to object Al in the sampling session and to
both the familiar object (now A2) and the new object B in the test session.
Sham-operated rats explored the novel object B at simultaneous presence
of object A (A2) more intensively as the familiar object. This behavioral
pattern was unaffected by DMSO or GP. ACA manifested the intensity of
object B exploration. The combination of ACA and DMSO led to a significant
difference between exploration times of object A in both sampling and test
sessions (Al vs. A2). GP induced a massive activation of the exploration
behavior in the sampling session. The behavioral pattern in the test session
was similar to that of ACA-animals without GP-intervention, albeit now both
object A2 and object B attracted significant less attention as object Al in the
sampling session. (B) In sham-animals (untreated and DMSO-/GP-treated)
and GP-untreated ACA-animals, the totalized exploration time for A2 plus
B in the test trial was significantly higher than for Al in the sampling trial.
DMSO-treatment of ACA-animals reduced this difference; the significance
got lost. In GP-treated ACA-animals, this pattern was reversed; the totalized
exploration time for Al in the sampling session was significantly higher
than for A2 plus B in the test trail. It was also significantly higher than in
all sham-animals and in untreated ACA-animals. Data are presented as
the mean = SD; Kruskal-Wallis/Dunn's post-hoc test ("P<0.05; ““P<0.005,
“P<0.001); all with n=5/group, ACA, asphyxia cardiac arrest; GP,
Gynostemma pentaphyllum; DMSO, dimethyl sulfoxide.

The observed hyperglycaemia during the first 30 min after
reperfusion is assumed to result from suppressed insulin secre-
tion and is typical for critical care patients (38). It has been
shown that GP stimulates insulin release from islets (39). Since
disturbance of glucose homeostasis is a well-known cause of
neurodegeneration (reviewed in (40) the prevention of hyper-
glycaemia by GP should possess neuroprotective potency. A
second hallmark of pathophysiological alterations after ACA
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in this period of reperfusion is hypercapnia that has been
detected also under our conditions. Hypercapnia contributes to
the impairment of brain tissue due to mitochondrial dysfunc-
tion (41). In our experiments, GP prevented both post-ischemic
hyperglycemia and hypercapnia.

Like GP, DMSO was able to prevent the ACA-mediated
increase of pCO, and blood glucose concentration but in contrast
to GP no neuroprotective potency was observed in the presence
of DMSO. In contrast to GP, DMSO was shown to suppress
insulin secretion from rat pancreatic islet cells (42). Hence,
the anti-hyperglycemic effect of DMSO in the ACA animals
should be attributed to other mechanisms, e.g., its ability to
enhance GLUTH4 translocation from intracellular compart-
ments to the plasma membrane. That increases cellular glucose
uptake with subsequent reduction of blood glucose levels (43).
Together with the ability of DMSO to increase gluconeogen-
esis a high-glucose-state would be established. High glucose,
however, is able to induce extracellular ROS increase and heme
oxygenase-1 expression from astrocytes resulting in neuronal
apoptosis (44). The neuroprotective potency of GP suggested
that GP is able to reverse the effect of its solvent DMSO by its
stimulating effect on insulin release (39) and by its capability to
attenuate heme oxygenase-1 expression significantly (45).

Reduced hypercapnia by administration of GP and
DMSO could be interpreted as a consequence of their
anti-hyperglycemic potency which is known to be effective
in attenuating post-ischemic hypercapnia (46). Interestingly
it was shown that DMSO is able to mimic the neurotoxic
effects of hypoxia-hypercapnia, (47) thus counteracting its
own anti-hypercapnic/neuroprotective potency. Again, GP
seemed to be able to reverse this detrimental DMSO effect. A
possible target could be aquaporin 4. Its inhibition, inducible
also by gypenosides (48), was helpful in a rat model of
hypoxia-hypercapnia-induced brain damage (49).

The hypothesis that GP possesses neuroprotective potency
in ACA-dependent brain injury was supported by the histolog-
ical analysis of the brain. GP, administered once simultaneous
with resuscitation, protected the vulnerable hippocampal CAl
region from massive cell injury. Neuroprotection was detected
24 h after resuscitation but also 7 d post asphyxia. Thus, the
neuroprotective potency of GP turned out to be sustainable.
It could be assumed that the observed neuroprotection was
caused by an orchestrated action of the major components
of the GP extract, Gypenoside LXIII, Gypenoside Rb; or
Gypenoside VIII. The effectiveness of at least Gypenoside
VIII [Ginsenoside Rd; (36,45)] and Gypenoside Rbs (50,51)
against ischemic neurodegeneration is well-documented.

Intact hippocampal structure is required for normal cognitive
competences in humans. Therefore, it can be speculated that
ACA affects the cognitive potential of patients after transient
CA due to neurodegeneration [reviewed by (52)]. This
encouraged us to examine attention and recognition skills after
ACA by using the novel object recognition test. It is known that
under stress conditions hippocampal neurons are challenged by
elevated glucocorticoid and glutamate concentrations that are
associated with changed cognition abilities (53,54). Thereby,
CA1 hippocampal neurons are major targets of corticoids (55),
whereby mineralocorticoid and glucocorticoid receptors are
co-localized in this cell type (54). Mineralocorticoid receptors
are relevant for this stress response by switching from low affinity
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for corticosterone under normal conditions to high activity at
high corticosteroid levels (56). High levels of corticosterone
cause increase in exploratory activity of rats (57) paralleled by
glutamate-depending increase in working memory. Facilitated
working memory has been described when rodents were exposed
to acute stress (58). In our experiments the rats failed to develop
better performance of object recognition as response to ACA,
although ACA should be a massive stressor. Also, the exploration
time remained unaffected. Similar results were reported by
others (59-61). We would suggest that ACA caused interruption
of the physiological response circuit due to degeneration
of the respective neurons. When GP was administered the
animals responded to ACA with better performance of object
recognition and increased exploration time. Obviously, the
here demonstrated neuroprotective potency of GP led to an
at least partial survival of the physiological response circuits
needed for an adequate stress response. Such a positive effect
of GP in case of cognition deficits has been described by others
too. Zhang et al demonstrated that GP improved cognition
impairment induced by chronic cerebral hypoperfusion in rats
by suppressing oxidative stress and astrocytic activation (21,62).
Hong et al (63) and Joh et al (64) showed that gypenosides are
able to ameliorate scopolamine-induced learning deficits in
mice. As a possible mechanism they mentioned an increased
BDNF expression via the CREB signaling pathway.

Impairment of mitochondria is part of the pathomechanism
of ischemia/reperfusion injury including neurodegenera-
tion (65,66). Although neurodegeneration in hippocampus has
been observed we did not find a decrease in complex activities
of the respiratory chain when evaluated 6 h after resuscitation.
Instead, increased specific activities of complex I + IIT and
complex IT + IIT were detected as a sign of increased energy
demand after ACA. From this we conclude that damage of
mitochondria could occur earlier with subsequent recovery of
mitochondria. This idea fits well with the observed suppres-
sion of cell death and stimulation/induction of citrate synthase
by GP.

The defense/protection adaption seems to be completed
after 24 h since mitochondrial activities of the respiratory
chain complexes widely normalized within this period of time.
Initiation of mitochondrial biosynthesis as stress response
supports glutamate release and activation of glutamate recep-
tors by providing sufficient ATP for these energy consuming
processes (67). Although respiratory chain complex activities
normalized within 24 h we still detected increased CL contents.
This particular stress response in hippocampus may contribute
to the promotion of mitochondrial ATP synthesis under these
conditions. Our data suggest that the vehicle DMSO prevents
stimulation of CL synthesis but is not toxic for CL itself.
However, a toxic effect of DMSO we observed with respect to
complex II + III activity. DMSO had been shown to possess
neurotoxic effects similar to ischemia/reperfusion (47). In our
experiments, the administration of GP compensated the toxic
DMSO effect with respect to complex II + III activity even
when solved in DMSO at identical concentration. In line with
this finding is the report that GP can stimulate complex I, II
and IV (68). Alternatively, GP may directly counteract DMSO
effects.

In the presence of GP we found likewise diminished CL
contents after ACA treatment. This situation basically differs
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from the effect of DMSO. We found no indication for any toxic
GP effect under sham conditions. The combination of ACA and
GP administration resulted in elevated citrate synthase activity
reflecting stimulation of mitochondrial biogenesis. Under this
condition increased demand of ATP can be matched by the
higher quantity of mitochondria. It is reasonable to assume
that in this situation no stimulation of CL synthesis is required
for further increase in mitochondrial ATP generation.

This result emphasized the importance of the early
post-resuscitation phase for brain injury and concomitantly
for interventional strategies. Because of the structure of the
solvent DMSO and gypenosides, it is reasonable to assume
that important constituents of the ethanolic GP extract can
cross blood brain barrier and cellular membrane systems.
The resorption of GP by intestine had been found to operate
quickly. GP effects had been observed at least 5 min after i.p.
injection. Similar kinetics had been reported by others (69).

We have shown that 6 min of ACA causes early hyper-
glycaemia and hypercapnia followed by damage of neurons in
the hippocampus. This subsequently leads to the inability of
cognitive responses in rats. The mechanism of the impairment
of neurons includes modifications of mitochondria. Since most
of these effects could be attenuated by the administration of
GP with resuscitation our results designate the early reperfu-
sion phase as a promising therapeutic window. Moreover, the
results underline the need of a careful handling of the popular
vehicle DMSO, in some cases even used as control (70,71).
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