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Abstract

Mitochondrial dysfunction is the key pathogenic mechanism of cerebral injury induced by
high-altitude hypoxia. Some Chinese herbal monomers may exert anti-hypoxic effects through
enhancing the efficiency of oxidative phosphorylation. In this study, effects of 10 kinds of Chinese
herbal monomers on mitochondrial respiration and membrane potential of cerebral mitochondria
isolated from hypoxia-exposed rats in vitro were investigated to screen anti-hypoxic drugs. Rats
were exposed to a low-pressure environment of 405.35 mm Hg (54.04 kPa) for 3 days to establish
high-altitude hypoxic models. Cerebral mitochondria were isolated and treated with different
concentrations of Chinese herbal monomers (sinomenine, silymarin, glycyrrhizic acid, baicalin,
quercetin, ginkgolide B, saffron, piperine, ginsenoside Rgl and oxymatrine) for 5 minutes in vitro.
Mitochondrial oxygen consumption and membrane potential were measured using a Clark oxygen
electrode and the rhodamine 123 fluorescence analysis method, respectively. Hypoxic exposure
significantly decreased the state 3 respiratory rate, respiratory control rate and mitochondrial
membrane potential, and significantly increased the state 4 respiratory rate. Treatment with saffron,
ginsenoside Rg1 and oxymatrine increased the respiratory control rate in cerebral mitochondria
isolated from hypoxia-exposed rats in dose-dependent manners in vitro, while ginsenoside Rgl,
piperine and oxymatrine significantly increased the mitochondrial membrane potential in cerebral
mitochondria from hypoxia-exposed rats. The Chinese herbal monomers saffron, ginsenoside Rg1,
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piperine and oxymatrine could thus improve cerebral mitochondrial disorders in oxidative
phosphorylation induced by hypobaric hypoxia exposure in vitro.
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Research Highlights

(1) Saffron, ginsenoside Rg1l and oxymatrine significantly and dose-dependently increased the
respiratory control rate in cerebral mitochondria isolated from hypoxia-exposed rats.

(2) Ginsenoside Rg1, piperine and oxymatrine in vitro significantly increased the membrane
potential of isolated cerebral mitochondria from hypoxia-exposed rats.

(3) Saffron, ginsenoside Rgl and oxymatrine may play roles in increasing the tolerance of
organisms to hypoxia and thus decreasing the incidence of high-altitude disease.
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Abbreviations

ST3, state 3 respiration rate; ST4, state 4 respiration rate; RCR, respiratory control rate

INTRODUCTION

Over 90% of oxygen is consumed in mitochondria, which
represent the main site of energy (ATP) production™.
Electrons from the oxidative substrate are delivered to
oxygen via the respiratory chain in the inner
mitochondrial membrane. The oxidative energy is
converted to phosphorylated energy and stored in ATP
by ATP synthetic enzymes. The utilization efficiency of
oxygen depends on the coupling level of mitochondrial
oxidation and phosphorylation.

Mitochondrial state 3 respiration rate (ST3, oxygen
consumption in the presence of ADP), state 4 respiration
rate (ST4, oxygen consumption in the absence of ADP),
respiratory control rate (RCR, reflecting the coupling
level between oxidative and phosphorylative processes)
and mitochondrial membrane potential are the major
indexes reflecting mitochondrial function, which is a
primary target of hypobaric hypoxic insult after exposure
to high-altitude or ischemia®®?.. Previous studies found
that ST3 and RCR were reduced, while ST4 was
increased in skeletal muscle and brain®® in acute
hypoxia-exposed mice and rats. These results indicated
that hypoxic exposure could induce the uncoupling of
mitochondrial oxidation and phosphorylation, thus

reducing ATP production and oxygen utilization efficiency.

Decreased ATP production during hypoxia may disturb
cellular structure, function and metabolism, which form
the bases of many other hypoxic responses in organs,
systems and organisms, such as maladaptation to high
altitude or mountain sickness!”®. New measures are
therefore needed to improve the energy metabolism of
cells or bodies exposed to hypoxia, to relieve the distress
induced by low oxygen concentrations®*.

The results of our previous study demonstrated that
guanine nucleotides decreased the uncoupling of
respiration and increased RCR and mitochondrial
membrane potential in brain mitochondria from
hypoxia-exposed rats in vitro ™. However, their rapid
decomposition makes guanine nucleotides unsuitable as
an anti-hypoxia medicine. To the best of our knowledge,
no effective agents able to improve the coupling of
mitochondrial oxidative phosphorylation impaired by
acute and severe simulated high-altitude hypoxia
exposure have yet been reported.

Many Chinese herbal agents are known to have organs
protecting effects against ischemia or ischemia-
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reperfusion injury, including Salvia miltiorrhiza ™2,
Rhodiola rosea *¥ and ginseng™**°\. However, their
chemical compositions are complex and it is hard to
identify the active ingredients of these Chinese herbal
agents and thus investigate the mechanisms of these
components. Based on the findings discussed above, it
is reasonable to hypothesize that there are some kinds
of Chinese herbal monomers would have effects on
mitochondrial respiration of hypoxia-exposed rat. In
this study, we therefore investigated the effects of
herbal monomers with previously demonstrated
efficacies against hypoxic, ischemic or
ischemia-reperfusion diseases of the heart, brain or
other organs™®*®, on respiratory activity and
membrane potential in hypoxic-exposed rat brain
mitochondria in vitro.

RESULTS

Quantitative analysis of experimental animals
Ninety-six male Sprague-Dawley rats were initially
included in the study and randomly divided into normal ,
hypoxic, sinomenine, silymarin, glycyrrhizic acid, baicalin,
quercetin, ginkgolide B, saffron, piperine, ginsenoside
Rg1 and oxymatrine intervention groups (n = 8 each). All
rats were included in the final analysis of results.

Effects of Chinese herbal monomers on RCR in brain
mitochondria isolated from hypoxia-exposed rats in
vitro

Hypoxic exposure induced decreases of 22.19% and
42.06% in ST3 and RCR, respectively, and an increase
of 40.86% in ST4 (P < 0.01; Figure 1), consistent with the
results of a previous report®. In vitro treatment with
glycyrrhizic acid, baicalin, silymarin, and ginkgolide B
resulted in further decreases in ST3 and RCR (P < 0.05
or 0.01; Figures 2A-D), while saffron markedly increased
ST3 from 8.05% (0.2 mM) to 25.29% in a dose-
dependent manner (1.5 mM) (P < 0.01; Figure 2E)
compared with the 0-mM intervention group. Treatment
with ginsenoside Rgl, oxymatrine, sinomenine and
piperine up to 1.5 mM decreased ST4 in hypoxic
mitochondria by 28.75%, 25.58%, 23.38% and 21.95%,
respectively (P < 0.01; Figures 2F-I). Because
sinomenine, piperine and quercetin depressed both ST3
and ST4 simultaneously, they had no significant effect on
RCR (Figures 2H-J). Compared with the 0-mM
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intervention group, the maximal increases in RCR in

mitochondria treated with saffron, ginsenoside Rgl and

oxymatrine were 32.06%, 34.25% and 33.04%,

respectively (P < 0.01; Figures 2E-G).
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Effects of Chinese herbal monomers on membrane
potential of brain mitochondria isolated from
hypoxia-exposed rats in vitro (Figure 3)

200  —DO—Piperine

A 195 L —O— Ginsenoside Rgl
—O— Oxymatrine
190
< 185
£
o 180
2 175
170
165 4
160
0 0.5 1.0 15 2.0
Concentrations (mM)

B 180 —O—Glycyrrhizic acid ——Quercetin
—O—Baicalin —a&— Sinomenine
—O—Silymarin —&—Ginkgolide B

_ 175 —&— saffron
>
£
o
=
=

Concentrations (mM)

Figure 3 Effects of different concentrations (0, 0.2, 0.8,
1.5, 2 mM) of Chinese herbal monomers on mitochondrial
membrane potential (MMP) in brain mitochondria from
hypoxia-exposed rats in vitro.

Piperine, ginsenoside Rgl and oxymatrine protected
mitochondria from hypoxic insult (A), while other
monomers had no significant influence on brain MMP (B).

Data are shown as mean = SD (n = 4). *P < 0.01, vs. 0-mM
intervention group; °P < 0.01, vs. piperine intervention
group (unpaired-sample Student’s t-test).

Piperine, ginsenoside Rgl and oxymatrine prevented the
decrease in mitochondrial membrane potential induced
by hypobaric hypoxia in dose-dependent manners
(Figure 3A). Treatment with 2 mM piperine increased the
mitochondrial membrane potential in mitochondria from
hypoxia-exposed rat brain by 8.02%. Compared with
piperine, ginsenoside Rgl and oxymatrine enhanced
mitochondrial membrane potential more effectively by
16.15% and 18.13% at the same concentrations (P <
0.01; Figure 3A). The other tested drugs had no
significant influence on mitochondrial membrane
potential in cerebral mitochondria from hypoxia-exposed
rats compared with the 0-mM group (Figure 3B).
Furthermore, oxymatrine had no significant influence on
mitochondrial membrane potential in cerebral
mitochondria from normal rats, despite its protective
effect on mitochondria from hypoxia-exposed rat brains
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(Figure 4).
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Figure 4 Protective effect of 2 mM oxymatrine (OMT) on
mitochondrial membrane potential (MMP) in brain
mitochondria from hypoxia-exposed rats in vitro.

Data are shown as mean = SD (n = 8). *P < 0.01, vs.
normal group; °P < 0.01, vs. OMT group (unpaired-sample
Student’s t-test).

DISCUSSION

In normal cerebral mitochondria, protons from
nicotinamide adenine dinucleotide or flavin adenine
dinucleotide are transported from the inside to the
outside of mitochondria by the electron tr ansport chain.
Meanwhile, electrons are transferred to oxygen and a
transmembrane proton gradient (Ay) is established
(oxidation). The mitochondrial membrane potential
mainly reflects the Ay, and is the driving force behind
energy production by FoF;-ATP synthase
(phosphorylation)™®. These processes of ATP production
represent “coupling” between oxidation and
phosphorylation™”. Ay can be dissipated by some
transmembrane proton-channel proteins (such as
uncoupling proteins), resulting in the “uncoupling” of
oxidation and phosphorylation™®*?,

Reactive oxygen species are by-products of complexes |
and 11l of the mitochondrial respiratory chain and
increase rapidly during hypoxia®?!. Mitochondria can
be attacked by the increased oxidative stress in a variety
of ways, including reduced availability of reduced
substrates for the electron transport chain®? and
damage to the mitochondrial inner membranes'®!.
Disruption of the respiratory chain results in decreased
oxygen consumption of ST3, while high proton
penetrability of the membrane promotes ST4, which is
also increased by the higher expression or activity of
some proteins mediating proton leak during hypoxia
exposure. The decrease in ST3 and increase in ST4 lead
to reductions in mitochondrial membrane potential and
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RCR, which reflect the coupling states of oxidative
phosphorylation. All these alterations contribute to
metabolic depression and lowered efficiency of
mitochondrial oxidative phosphorylation.

The results of the current study showed that saffron,
ginsenoside Rgl and oxymatrine increased RCR in brain
mitochondria in hypoxia-exposed rats. Saffron elevated
ST3 and RCR, but had no effect on ST4 or mitochondrial
membrane potential. Elevation of malondialdehyde and
decrease of superoxide dismutase and catalase in rat
brains induced by middle cerebral artery occlusion were
reportedly significantly attenuated by pretreatment with
saffron®, which was also able to inhibit lipid peroxidation
and preserve mitochondrial function in synaptosomal
fractions from rats treated with the mitochondrial toxin
3-nitropropionic acid®!. These results suggest that
saffron acts as an anti-oxidative substance, relieving the
oxidative insult to the electron transport chain and
suppressing mitochondrial membrane impairment. In
contrast to saffron, ginsenoside Rgl increased RCR
based on its ability to depress ST4. Some investigators
have reported that ginsenoside Rg1l inhibited Ca**
over-influx into mitochondria in mesencephalic
dopaminergic cells?®?” and acted as a calcium channel
blocker in ischemia/reperfusion-injured rat
cardiomyocytes®®. This suggests that ginsenoside Rg1l
modulates the activity of mitochondrial
membrane-channel proteins. The effects of oxymatrine
on mitochondria from hypoxia-exposed rats were similar
but more effective than those of ginsenoside Rg1.
Oxymatrine was previously found to down-regulate many
genes and proteins over-expressed in rats subjected to
middle cerebral artery occlusion, such as nuclear factor
kB™ and phosphorylated p38 mitogen-activated protein
kinases™”, thereby protecting rats from ischemic insult.
The current study showed that oxymatrine inhibited
mitochondrial membrane potential in hypoxia-exposed
but not normal rats, also indicating that its protective
effect might be associated with genes or proteins related
to hypoxic damage. All three monomers inhibited the
uncoupling between oxidation and phosphorylation
induced by hypoxia, suggesting their protective effects
on mitochondria. Piperine decreased ST4 and increased
mitochondrial membrane potential, but had no significant
effect on RCR because it further decreased ST3.
Piperine has also been reported to improve ATPase
activity in liver mitochondria, and inhibit mitochondrial
oxidative phosphorylation at the level of the respiratory
chain®!. Piperine at low concentrations could reduce
1-methyl-4-phenylpyridinium (MPP”, cytotoxin)-induced
death in PC12 cells by suppressing the decrease in
mitochondrial membrane permeability, but was cytotoxic

at high concentrations®. These apparent discrepancies
suggest that the mechanism of piperine in mitochondria
might be more complex than those of other monomers.
In summary, saffron, ginsenoside Rg1, piperine and
oxymatrine attenuated mitochondrial dysfunction caused
by hypobaric hypoxia exposure.

MATERIALS AND METHODS

Design
A randomized, controlled animal experiment.

Time and setting

The experiments were performed at the Department of
Pathophysiology and Altitude Physiology, the Third
Military Medical University of Chinese PLA, Chonggqing,
China from May to October 2010.

Materials

Animals

A total of 96 healthy male Sprague-Dawley rats,
specific-pathogen-free grade, aged 11-14 weeks,
weighing 200 * 20 g, were provided by the Animal Center
of the Third Military Medical University of Chinese PLA,
Chongging, China (certificate No. SCXK (Yu) 2007-0003).
Rats were housed at 23.0 £ 0.5°C at a relative humidity
of 50.0 £ 0.5%, under a 12-hour light/dark cycle, with free
access to food and water. All experimental procedures
were conducted in accordance with the Guidance
Suggestions for the Care and Use of Laboratory Animals,
formulated by the Ministry of Science and Technology of
China®®.

Drugs

Ten Chinese herbal monomers, including sinomenine,
silymarin, glycyrrhizic acid, baicalin, quercetin, ginkgolide
B, saffron, piperine, ginsenoside Rg1l and oxymatrine
(molecular and structural formulae are shown in Table 1)
were provided by Push Biotechnology Company
(Chengdu, Sichuan Province, China). Water-soluble
monomers (saffron, ginsenoside Rgl and oxymatrine)
were dissolved in distilled water, while the fat-soluble
drugs (sinomenine, silymarin, glycyrrhizic acid, baicalin,
guercetin, ginkgolide B and piperine) were dissolved in
dimethylsulfoxide (supplementary Figure 1 online).

Methods

Establishment of hypoxic models in rats

After receiving food and water ad libitum for 3 days of
acclimation, animals in the hypoxic and drug-intervention
groups were placed in a hypobaric chamber at a
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simulated atmospheric pressure of 405.35 mm Hg (equal
to 54.04 kPa), equivalent to an altitude of 5 000 m, for
23 hours per day, for 3 days. The chamber was kept at
constant temperature (22-25°C) and relative humidity
(70%) with artificial illumination from 7 a.m. to 9 p.m.> ™,
Rats in the normal group were fed at sea-level pressure
under the same conditions. All rats continued to be
provided with water and food ad libitum during the
experiments.

Table 1 Chemical information of ten Chinese herbal mo-
nomers
Name Molecular Molef:ular Structural formula
formula weight
Sinomenine C19H23NO4 329.38
Silymarin Ca5H22010 482.44
Glycyrrhizic acid  Cy2He2016 822.93
Baicalin C21H18011 446.36
Quercetin C15H1007 302.24
Glnkgollde B C20H24010 424.40
Saffron C21H22N011 450.39
Piperine C17H19NO3 285.34
Ginsenoside Rgl C4,H7,NO;,  801.03
Oxymatrine C15HuN2O,  264.36

Preparation of brain mitochondria

Brain mitochondria were prepared by conventional
methods using differential centrifugation, as described
previously®***.. In brief, rats were killed by decapitation
and the cerebral hemispheres were rapidly isolated and
removed into ice-cold isolation medium containing

0.25 M sucrose, 0.5 mM EDTA-2K and 10 mM Tris-HCI
(pH 7.4). The above procedure was usually accomplished
within 30 seconds in a hypobaric chamber with the
atmospheric pressure maintained at 405.35 mm Hg

(54.04 kPa). Tissues were chopped finely with scissors
after washing three times in medium. The resulting tissue
pieces were placed in a Teflon homogenizer with 8 mL
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medium and homogenized by hand using 15
up-and-down strokes with a pestle. The homogenate
was fractionated at 2 000 x g for 3 minutes. The resulting
pellet was removed, and the supernatant suspension
was re-centrifuged. The supernatant suspension was
then centrifuged at 12 500 x g for 10 minutes, the
supernatant was decanted, and the crude mitochondrial
pellet was resuspended in 0.8 mL 3% Ficoll medium (3%
Ficoll, 120 mM mannitol, 30 mM sucrose, 25 uM
EDTA-2K, pH 7.4). This suspension was carefully
layered onto 3.2 mL of 6% Ficoll medium (6% Ficoll,
240 mM mannitol, 60 mM sucrose, 50 yM EDTA-2K, pH
7.4) and centrifuged at 11 500 x g for 30 minutes. The
pellet was resuspended in 4 mL isolate medium and
centrifuged at 12 000 x g for 8 minutes. The
mitochondria were made up to a concentration of 10—
20 mg of protein per mL in the appropriate isolation
medium. All the isolation procedures were performed at
0—4°C within 90 minutes. Mitochondrial suspensions
were maintained on ice and used within 4 hours after
death of the animal.

Establishment of drug intervention models in
isolated mitochondria in vitro

The mitochondrial protein concentration was assessed
using the bicinchoninic acid method® with bovine serum
albumin (Beyotime, Haimen, China) as a standard, and
then adjusted to 10 mg of protein per 1 mL in isolation
medium. The mitochondrial suspension isolated from the
brains of hypoxia-exposed rats was divided into several
groups, each containing 100 mL of suspension and 1 mg
of mitochondrial protein. Different volumes of the tested
Chinese herbal monomers (as above) were added to
100 mL mitochondrial suspensions in each group, to final
concentrations of 0, 0.2, 0.8 and 1.5 mM. The
suspensions were then incubated at 37°C for 5 minutes,
followed by measurement of mitochondrial respiratory
activity and mitochondrial membrane potential.

Measurement of mitochondrial respiratory activity
Mitochondrial respiratory function was determined
polarographically at 28°C using a Clark-type oxygen
electrode (Strathkelvin Instruments, North Lanarkshire,
ML1 5RX, Scotland) as described previously™" 3.
Reactions were conducted in a 1.5-mL closed
thermostatic glass cell (28°C) with a magnetic stirrer.
One hundred microliters of mitochondrial suspension
containing 1 mg of mitochondrial protein was added to
buffer containing 225 mM mannitol, 75 mM sucrose,
100 mM KCI, 5 mM K,HPO,, 50 uM EDTA-2K, and

10 mM Tris (pH 7.4) in a final volume of 0.8 mL. After a
1-minute equilibration period, mitochondrial respiration
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was initiated by adding pyruvate (6 mM) and malate
(6 mM). Oxygen consumption (nmol O,/min/mg) was
measured in the presence of 625 uM ADP (ST3) and
after depletion of ADP (ST4). RCR (the ratio of ST3 and
ST4) was calculated™ (supplementary Figure 2 online).

Measurement of mitochondrial membrane potential
Mitochondrial membrane potential was estimated
spectrophotofluorometrically using the rhodamine 123
method established by Arrighi et al “**!!. Rat brain
mitochondria containing 1 mg protein were added to

1 mL reactive buffer (150 mM sucrose, 5 mM MgCl,,

5 mM succinate, 2.5 yM rotenone, 5 mM K;PO,, 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,

1 uM rhodamine123, pH 7.4) and incubated at 37°C for
5 minutes. Following centrifugation at 5 000 x g for

5 minutes, 200 pL supernatant was removed to a 96-well
plate. The rhodaminel23 concentration outside the
mitochondria ([X],.) was determined according to the
fluorescence value assessed using a microplate reader
(BioTek Instruments, Winooski, VT, USA) at 488 nm
excitation wavelength and 525 nm emission wavelength.
Based on the volume of mitochondria to 1 uL/mg, the
concentration of rhodamine123 inside the mitochondria
([X]in) calculated by the following formula:

[X]in = (1-1.1 x [X]ow) * 10 000/[C],

where [C] is the mean mitochondrial protein
concentration. Mitochondrial membrane potential (mV)
was then equal to 59 Ig ([X]in/[X]ow)-

Statistical analysis

The Statistical Package for the Social Sciences (SPSS
version 10.0, Chicago, IL, USA) statistical software was
used for all analyses. Statistical values were given as
mean + SD. Comparisons between normal control and
hypoxic groups were made using unpaired-sample
Student’s t-tests, while comparisons among
monomer-intervention groups were made using analysis
of variance. A level of P < 0.05 was considered
statistically significant.
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