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ABSTRACT

AIM: To investigate the effect of schisanhenol (Sal) on copper ion-induced oxidative modulation of human low
density lipoprotein (LDL).  METHODS: The antioxidative activity of eight schisandrins (DCL) on microsome lipid
peroxidation induced by Vit C/NADPH system was first observed, and then, the effect of Sal on Cu2+-induced
human LDL oxidation was studied.  The generation of malondialdehyde (MDA), lipofuscin, reactive oxygen species
(ROS), consumption of α-tocopherol as well as electrophoretic mobility of LDL were determined as criteria of LDL
oxidation.  Finally, the quantum chemical method was used to calculate the theoretical parameters of eight DCL for
elucidating the difference of their antioxidant ability.  RESULTS: Sal was shown to be the most active one among
eight schizandrins in inhibiting microsome lipid oxidation induced by Vit C/NADPH.  Sal 100, 50, and 10 µmol/L
inhibited production of MDA, lipofuscin and ROS as well as the consumption of α-tocopherol in Cu2+-induced
oxidation of human LDL in a dose-dependent manner.  Sal also reduced electrophoretic mobility of the oxidized
human LDL.  Further study of quantum chemistry found that Sal was the strongest one among eight DCL to
scavenge O2̄·

 
, R·, RO·, and ROO· radicals.  CONCLUSION: Sal has antioxidative effect on human LDL oxidation.

The mechanism of Sal against LDL oxidation may be through scavenging free radicals.

INTRODUCTION

Oxidative modulation of low-density lipoprotein
(LDL) has been recognized as one of the main athero-
genic forms of LDL[1].  Oxidized low density lipopro-
tein (ox-LDL) can be uptaken by macrophages via the
scavenger receptor, then the macrophages become foam
cells and cellular cholesterol accumulated in vascular

endothelial cells.  Ox-LDL is cytotoxic to arterial wall
cells, stimulates haemostatic and thrombotic process
and secretion of cytokines and growth factors from
cells of the arterial wall[2].  It has been reported that
antioxidants such as β-carotene and α-tocopherol could
prevent LDL oxidation and delay the development of
atherosclerotic plaques in animals[3].  Eight schisandrins
were isolated from Schizandracea belong to dibenzo-
cyclooctene lignans (DCL, Fig 1).  Our previous study
found that several of DCL have antioxidant activity[4].
Of the eight DCL, the antioxidant activity of Schisan-
henol (Sal) was more active than others.  The aim of
this article was to investigate whether Sal could inhibit
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oxidative modulation of human LDL induced by copper
ion.  In order to elucidate the difference in the antioxi-
dant activity of eight DCL, quantum chemical method
was used to calculate the theoretical parameters of eight
DCL.

MATERIALS  AND  METHODS

Compounds and reagents  Eight DCL samples

were provided by Prof Yan-yong CHEN and Lian-niang
LI.   DCL compounds are white crystals and their pu-
rity is over 98 %.  The compounds were dissolved in
dimethyleneformamide (DMF) before use as they are
not water soluble substances.  Human blood serum was
obtained from Blood Station of Shijingshan District in
Beijing.  1,1,3,3-Tetramethoxypropane (TEP), α-
tocopherol, and agarose were purchased from Sigma

Fig 1.  Chemical structures of 8 schisandrins (DCL).
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Co. α-Tocopherol was dissolved in DMF before use.
Dialysis pocket (Mr: 8000-10 000) was purchased from
Tianxiangren Biochemistry Company.  Oil-red “O” was
purchased from Fluka.  Other reagents were all chemi-
cal pure from local market.

Measurement of malondialdehyde (MDA) for-
mation of liver microsomes induced by Vit C/
NADPH system  Liver microsomes from adult male
Wistar rats were prepared by the ultra-centrifugation
method[5].  Protein was determined by method of Lowry[6].
Microsomal protein 1.4 mg in 1 mL of 0.1 mol/L phos-
phate buffer (pH 7.4) was incubated with DMF 10 µL
as control or with tested schisandrins and α-tocopherol
(1 mmol/L) 10 µL, respectively, for 15 min at 37 ºC
water bath.  Lipid peroxidation was then initiated by the
addition of Vit C (4.4 µg) and NADPH (0.16 mg) and
incubated at 37 ºC for 15 min again.  Ice-cold 20 %
trichloroacetic acid 0.5 mL was added to stop the
reaction.  The formation of MDA in the supernatant
after centrifugation of the incubation mixture was de-
termined by the thiobarbituric acid method[6].  Percent-
age of inhibition of MDA formation was used to indi-
cate the potency of the tested schisandrins in compari-
son with the control.

Separation and identification of human LDL
Human serum LDL was prepared by discontinuous den-
sity gradient ultra centrifugation[7].  The separated LDL
was dialyzed against phosphate-buffered saline contain-
ing 0.01 %  EDTA (pH 7.4), then sterile-filtered and
stored at 4 ºC.  The identification of LDL was performed
by agarose electrophoresis[8].  The electrophoresis was
carried out under the condition of 200 V, 80 mA in 0.05
mol/L barbital buffer for nearly 3 h, and then the gel
plate was fixed in methanol for 15 min and stained with
oil-red for 16 h.  After staining, the gel was washed
with bleaching solution (95 % ethanol:water=5:3).  The
position of LDL was between VLDL and HDL layers.

LDL oxidation induced by copper ion[9]  The LDL
was dialyzed against PBS, EDTA-free buffer (pH7.4)
for 40 h before oxidative modulation.  The concentra-
tion of LDL was expressed on the bases of protein and
adjusted to 1 g/L.  After pre-incubation with various
concentrations of Sal for 1 h, LDL oxidation was initi-
ated with CuSO4 10 µmol/L at 37 ºC for 20 h.  The
oxidative modulation was stopped by the addition of
200 µmol/L EDTA.  Native-LDL (n-LDL) was incu-
bated in the same condition without CuSO4 and served
as control.

Assay of lipid peroxidation  The MDA forma-

tion was determined to indicate the extent of lipid
peroxidation[10].  Ox-LDL or n-LDL 0.1 mg was mixed
with 150 µL methanol, 3 mL 0.17 mol/L sulfuric acid
and 0.5 mL 10 % phosphatic tungstic acid.  The mix-
ture was kept at room temperature for 10 min.  Then
the mixture was incubated with 1 mL 0.67 % thiobarbi-
turic acid-acetic acid (v/v=1/1) at 100 ºC for 10 min.
After cooling with tap water, the reactant was extracted
with 4 mL n-butanol and then centrifuged at 2000×g
for 10 min.  The fluorescent intensity of n-butanol
extract was recorded at emission wavelength of 553
nm and excitation wavelength of 515 nm on a spectro-
fluorometer.  The amount of MDA was calculated from
the standard curve.  The extent of lipid peroxidation
was expressed as MDA (µmol)/g protein.

Determination of ααααα-tocopherol content of LDL[11]

Ox-LDL or n-LDL 0.7 mg was incubated with 1 mL
anhydrous alcohol and 0.5 mL 25 % acetic acid at 70 ºC
for 5 min, then 1 mL 10 mol/L KOH was added and
incubated for 30 min at 70 ºC.  The mixture was ex-
tracted with 4 mL skellysolve B and then centrifuged at
2000×g for 10 min.  The fluorescent intensity of
skellysolve B extract was measured at emission wave-
length of 330 nm and excitation wavelength of 280 nm
on a spectrofluorometer.  The content of α-tocopherol
was calculated according to the standard curve and
expressed as α-tocopherol (µmol)/g LDL.

Determination of lipofuscin products of LDL[12]

After 50 µg ox-LDL or n-LDL was diluted with 2.5 mL
PBS, the lipofuscin products were determined as the
fluorescent intensity at emission wavelength of 410 nm
and excitation wavelength of 360 nm on a spectrofluoro-
meter.

Determination of electrophoretic mobility of
LDL  The electrophoretic mobility of n-LDL and
ox-LDL was determined by agarose gel electrophoresis
(0.5 % agarose and 0.1 mol/L barbital buffer containing
4 % bovine serum albumin) under the condition of 200
V, 80 mA in 0.05 mol/L barbital buffer for nearly 3 h,
then the gel was fixed in methanol for 15 min and stained
with oil-red for 16 h.  After staining, the gel was washed
by bleaching solution (95 % ethanol:water=5:3).  The
mobility was expressed as the distance moved by the
samples in 3 h.

Measurement of reactive oxygen species (ROS)
generation during Cu2+-induced LDL oxidation by
ultra weak chemiluminescence analyzer[13]   After pre-
incubation with various concentrations of Sal for 1 h,
LDL (1.0 mg) oxidation was initiated with 10 µmol/L
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CuSO4 at 37 ºC for 20 h.  The generation of ROS during
this period was monitored by the spectrum of low level-
chemiluminescence (LL-CL) on ultra weak chemilu-
minescence analyzer.  The signal was recorded every 90 s
and the illuminative intensity was indicated as count/s.

Quantum chemistry method  The molecular ge-
ometries of DCL were optimized firstly by molecular
mechanic method MMX[14] in program PCMODEL, and
then, by semiempirical quantum chemistry method Aus-
tin Model 1 (AM1)[15].  Finally, by single point elec-
tronic energy calculation using density functional theory
B3LYP[16-18] on 6-31G** level was performed to obtain
the theoretical parameters including charge density, pro-
ton dissociation enthalpy and O-H bond dissociation
enthalpy.  For large molecules, this method is com-
monly believed to be economical and accurate[19,20].

Statistical analysis  Data were expressed as
mean±SD and t-test was used to judge statistical dif-
ferences between groups.  P<0.05 was considered
significant.

RESULTS

Comparison of eight DCL against liver mi-
crosomal lipid peroxidation induced by Vit C/
NADPH system  All eight schisandrins at the concen-
tration of 100 µmol/L inhibited liver microsomal MDA
formation induced by Vit C/NADPH to different degree.
Sal, S(-) Sin C, and S(-) Sin B were more potent than
the other schisandrins and α-tocopherol, particularly
Sal and S(-) Sin C were the most active (Tab 1).  Both
compounds inhibited MDA formation by almost 100 %.

The tested schisandrins such as Sal and S(-)SinC were
not found to interfere with the colour development of
MDA assay.  As Sal was shown to be the most active
compound in inhibiting MDA formation, so Sal was se-
lected in the following study of its effect on human
LDL oxidation.

Effect of Sal on MDA production during oxida-
tive modulation of LDL induced by Cu2+  Incubation
of LDL with 10 µmol/L CuSO4 resulted in significant
increase of MDA formation as compared with n-LDL
(P<0.01).  Pretreatment of LDL with various concen-
trations of Sal (100, 50, and 10 µmol/L ) inhibited Cu2+-
induced MDA formation in a concentration-dependent
manner (Tab 2).

Effect of Sal on ααααα-tocopherol content in ox-
LDL  The content of α-tocopherol in LDL was nearly
exhausted by Cu2+-induced oxidation.  Sal dose-depen-
dently prevented depletion of α-tocopherol content in
LDL after oxidation induced by Cu2+ (Tab 2).

Effect of Sal on lipofuscin production for ox-
LDL  After the oxidation of LDL by Cu2+, the lipofuscin
content in ox-LDL increased about 3 times in compari-
son with n-LDL.  Various concentrations of Sal mark-
edly decreased the production of lipofuscin in ox-LDL
(Tab 2).

Effect of Sal on electrophoretic mobility of LDL
After LDL oxidized by Cu2+, the ox-LDL moved faster
than n-LDL on agarose gel electrophoresis.  Pre-incu-
bation of LDL with various concentrations of Sal sig-
nificantly slowed down the electrophoretic mobility of
LDL oxidized by Cu2+ (Fig 2).

Effect of Sal on ROS generation during LDL
oxidation induced by Cu2+   Incubation of LDL with
Cu2+ increased the chemiluminescence intensity that

Tab 2.  Effect of Sal on LDL oxidation induced by copper ion.
n=4.  Mean±SD.  bP<0.05, cP<0.01 vs ox-LDL.

  Group               MDA/           α-Tocopherol/    Lipofuscin
                         µmol⋅g-1 protein   µmol⋅g-1 protein  (fluorescent
                                                                                 intensity)

n-LDL   0.58±0.17c 34.49±6.73c   1.7±0.26c

ox-LDL 43.76±0.27   3.30±0.61 4.85±0.1
Sal 100 µmol/L   5.91±0.11c 15.66±3.67c 2.88±0.34c

Sal 50 µmol/L 10.80±0.92c 13.45±1.71c 3.38±0.46b

Sal 10 µmol/L 14.76±4.73c   7.34±2.45b 4.22±0.24b

Tab 1.  Effect of eight schisandrins on liver microsomal
MDA formation induced by Vit C/NADPH system in vitro.
n=3.  Mean±SD.

    Group        Concentration/          MDA/             Inhibition/%
                           µmol⋅L-1        µmol⋅g-1 protein

Control  3.200±0.234
Vit E 100  1.223±0.398   61.8
SinA 100  1.717±0.069   46.4
R(+)SinB 100  1.360±0.165   57.5
S(-)SinB 100  0.343±0.206   89.3
R(+)SinC 100  1.126±0.069   64.8
S(-)SinC 100  0.041±0.096   99.0
SolA 100  1.950±0.371   39.1
SolB 100  2.527±0.247   21.0
Sal 100 -0.687±0.165 100.0
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indicated the production of ROS.  Pre-incubation of
LDL with Sal 100 µmol/L completely inhibited the gen-
eration of ROS (Fig 3).

Scavenging activity on superoxide anion radi-
cal calculated by quantum chemistry methods  The
carbon atoms of dioxo-methylene groups possess fairly
large net charge, so, DCL with dioxo-metheylene group
such as S(-) SinC, R(+)SinC, S(-)SinB, R(+)SinB, SolB,
and Sal had high activity to scavenge O2̄·

 
.  In addition,

the average charge density of the carbon atom showed
the order of scavenging activity on superoxide anion
radical: Sol B>S(-) Sin C~S(-)Sin B>R(+)Sin C>Sin A>
R(+)Sin B>Sol A>Sal (Tab 3).

Calculations showed that the proton dissociation
energy of Sal was lower than that of α-tocopherol.
Hence, the O2̄·

 
 scavenging activity of Sal was higher

than that of α-tocopherol (Tab 4).
Scavenging activity on alkyl (R·), alkoxyl

(RO·) and alkyl peroxyl (ROO·) radicals  O-H bond
dissociation enthalpy of Sal was higher than that of α-
tocopherol (Tab 4), suggesting that α-tocopherol had

higher scavenging activity than Sal.  As other DCL
molecules had no phenolic hydroxyl group and the C-H
bond dissociation enthalpy was much higher than the
O-H bond dissociation enthalpy (data omitted), other
DCL molecules had no activity to scavenge alkyl, alkoxyl,
and alkyl peroxyl radicals.

In summary, the molecules of DCL possessing
dioxo-methylene groups had high scavenging activity
on O2̄·

 
 and there existed quantity-activity relationships.

The more the dioxo-methylene moiety of DCL has, the
more active the DCL antioxidant is.  For the different
isomers, the activity of S(-) form was higher than that
of R(+) form.  Sal possessed the activity to scavenge
O2̄·

 
, R·, RO·, and ROO·.  Considering superoxide

anion radical plays a key role in biological system, the

Tab 3.  Net charge of carbon for 8 schisandrins (DCL).

  Atom                SinA            R(+)SinB        S(-)SinB          R(+)SinC         S(-)SinC              SolA              SolB              Sal
Number

    1 0.300650 0.349830 0.348758 0.332769 0.330093 0.346236 0.312608 0.299760
    2 0.285531 0.267542 0.250538 0.263637 0.261414 0.273588 0.308996 0.299267
    3 0.294413 0.295724 0.327043 0.338061 0.334523 0.285584 0.297840 0.241306
    6 0.333921 0.308066 0.330176 0.332952 0.340331 0.305078 0.331242 0.281165
    7 0.248614 0.275354 0.260077 0.261169 0.261038 0.263828 0.287846 0.262101
    8 0.352346 0.330176 0.329534 0.329569 0.334547 0.349951 0.342206 0.348039
  10 0.119632 0.115701 0.118268 0.092478 0.102915 0.104903 0.108363 0.099009
  11 0.095132 0.085460 0.092425 0.103323 0.091942 0.092998 0.087220 0.083344
Average 0.254440 0.253482 0.257102 0.256745 0.257100 0.252771 0.259540 0.239249

Fig 2.  Effect of Sal on electrophoretic mobility of LDL oxi-
dized by Cu2+. (1) n-LDL; (2) Ox-LDL; (3)-(5) Ox-LDL
preincubated with different concentrations of Sal (100 , 50,
10 µmol/L).

Fig 3.  Effect of Sal on reactive oxygen species (ROS) gen-
eration during Cu2+-induced LDL oxidation by ultra weak
chemiluminescence analyzer.
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Tab 4.  Proton dissociation enthalpy1) and O-H bond dissociation enthalpy2) for schisanhenol and ααααα-tocopherol.

                                                                                                                                            Schisanhenol        α-tocopherol

Total energy for parent molecule (TEp, in hartree) -1345.80020 -696.02176
Thermal correction to enthalpy for parent molecule (TCEp, in hartree)        0.53843      0.33504
Total energy for anion (TEa, in hartree) -1345.22750 -695.43868
Thermal correction to enthalpy for anion (TCEa, in hartree)        0.52674       0.32289
Total energy for free radical (TEf, in hartree) -1345.15788 -695.39678
Thermal correction to enthalpy for free radical (TCEf, in hartree)        0.52441      0.32146
Proton dissociation enthalpy (kcal/mol)    352.83  359.06
O-H bond dissociation enthalpy (kcal/mol)      82.22    71.61

1) Proton dissociation enthalpy=[(TEa+TCEa×0.973)-(TEp+TCEp×0.973)+Hp]×627.5095, in which, Hp is the enthalpy for proton, 0.
000944 hartree.
2) O-H bond dissociation enthalpy=[(TEf+TCEf×0.973)-(TEp+TCEp×0.973)+Hh]×627.5095, in which, Hh is the enthalpy for hydrogen
atom, -0.49765 hartree.

total activity of Sal to scavenge O2̄·
 
, R·, RO·, and ROO·

radicals may be higher than that of α-tocopherol.

DISCUSSION

The oxidative modulation of LDL induced by cop-
per ion is related to free radical reaction, though the
mechanism of the oxidant production has not been elu-
cidated yet.  LDL oxidation may require the generation
of superoxide anion and probably the ultimate genera-
tion of hydroxyl radicals by the Fenton reaction[24].  After
the oxidation by copper ion, polyunsaturated fatty acid
of LDL was oxidized which resulted in an elevation of
lipid peroxides and depletion of α-tocopherol in ox-LDL.
Both the binding of aldehydic lipid peroxidation product
to the ε-amino groups of lysine residues in apo B during
oxidation and the conversion of histidine and proline
residues to negatively charged aspartic acid and glutamic
acid by reactive oxygen species all increased the nega-
tivity of LDL, thereby leading to increase of electro-
phoretic mobility of LDL.  The derivation of apo B is a
prerequisite for scavenger-receptor recognition of mac-
rophages[3].  Our biochemical results clearly showed
that Sal had strong anti-oxidative effects on human LDL
oxidation induced by Cu2+ as indicated in the inhibition
of the generation of ROS, MDA, lipofuscin as well as
decrease of α-tocopherol consumption and the retar-
dation of electrophoretic mobility of LDL.

To further elucidate the structure-antioxidant ac-
tivity relationship of the eight DCL theoretically by
quantum chemistry calculation, appropriate theoretical
parameters for characterizing the free radical scaveng-

ing activity according to different radicals were
calculated. .OH, O2̄·

 
, and as well as R·, RO·, and ROO·

are main three types of radicals in biological system.  .

OH is the most active radical, but once it is produced, it
promptly reacts with other biological molecules.  So,
directly scavenging ·OH by antioxidant is unimportant.
Although O2̄·

 
 is far less active than ·OH, it is the source

of generating ·OH by superoxide dismutase in the bio-
logical system.  The mechanisms of scavenging super-
oxide anion radical are nucleophilic addition, nucleo-
philic substitution, and a coupled reaction including pro-
ton transfer and electron transfer.  The theoretical in-
dexes corresponding to these reactions are pKa values
for phenolic hydroxyl and the charge of carbon.  DCL
compounds (Fig 1) have no proton readily abstractable
except Sal.  Hence, scavenging O2̄·

 
 is mainly through

nucleophilic addition and nucleophilic substitution
reactions.  The larger the charge of carbon, the higher
the O2̄·

 
 scavenging activity for DCL antioxidants.  In

addition, R·, RO·, and ROO· are not very active, while
they are also very harmful due to their long lifetime.
The mechanism for antioxidant to scavenge these radi-
cals is hydrogen abstraction reaction of the phenolic
hydroxyl group.  The theoretical index characterizing
this process is O-H bond dissociation enthalpy [21-24].
Therefore, the activity of eight DCL compounds to scav-
enge  O2̄·

 
, R·, RO·, and ROO· were theoretically calcu-

lated with quantum chemistry method.  As a result, Sal
could scavenge superoxide anion through nucleophilic
addition, nucleophilic substitution, and through proton
transfer reaction.  Sal is the only one with the phenolic
hydroxyl group in eight DCL that can scavenge alkyl,
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alkoxyl, and alkyl peroxyl radicals.  The results illus-
trated Sal was the most active among DCL compounds
theoretically which is coincided with the biochemical
results of our present and previous studies.
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