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ABSTRACT
This study investigated the possible hepato- and neuroprotective effects of flavoalkaloids and
flavonoids isolated from Astragalus monspessulanus ssp. monspessulanus and ssp. illyricus. Rat
hepatocytes obtained by in situ two-stepp collagenase perfusion, and rat brain synaptosomes
obtained by multiple centrifugation and Percoll gradient were used. Administered alone, on
hepatocytes, all of the compounds increased statistically significantly the lactate dehydrogen-
ase (LDH) activity and malondialdehyde (MDA) production and decreased the reduced glutathi-
one (GSH) level, compared to the control (non-treated hepatocytes). Some of the compounds
(1–7) had lower toxicity on the exam parameters than silybin. The main structural features
accounting for the lower hepatotoxicity (evaluated by quantitative structure–activity relation-
ship (QSAR) studies) are the increased number of hexoses and the number of aromatic OH
groups. On the two in vitro toxicity models, all the 13 compounds had statistically significant
hepato- and neuroprotective activities. They preserved the hepatocyte and synaptosome viabil-
ity, as well as the GSH level and decreased the LDH leakage and MDA production. On isolated
rat hepatocytes, in tert-butyl hydroperoxide- and on isolated rat synaptosomes, in 6-OH-dopa-
mine-induced oxidative stress, flavoalkaloids and flavonoids isolated from A. monspessulanus
ssp. monspessulanus and ssp. illyricus, were effective hepato- and neuroprotectors, as well as
antioxidants. The observed higher hepato- and neuroprotective effects of 1, 2, 4, 7 and
eight may be assigned to the different substituents present in either the aglycone or the
sugar moieties.
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Introduction

Flavonoids have been isolated from many species of
genus Astragalus and revealed different pharmaco-
logical activities as antidiabetic, neuroprotective, antipro-
liferative, hepatoprotective, antioxidant, radioprotective
and others [1]. Flavonoid alkaloids have been found to
possess antineoplastic, immunomodulatory and anti-
inflammatory effects [2].

Astragalus monspessulanus L. (Fabaceae, Montpellier
Milk Vetch) is a clump-forming perennial herb, native
to the Iberian Peninsula, France, Switzerland, the
Apennine Peninsula, the Balkan Peninsula, Eastern
Europe and Northwest Africa. Our previous study of
n-butanol extract obtained from aerial parts of
A. monspessulanus ssp. monspessulanus showed
hepatoprotective and antioxidant activity against in

vitro/in vivo CCl4-induced acute liver damage [3].
Phytochemical investigation of the extract resulted in
the isolation of a new flavonol tetraglycoside of quer-
cetin, two new flavoalkaloids and eight known flavo-
noids. In addition, two rare flavonol glycosides of
quercetin and kaempferol with unusual hydroxy methyl
glutaric acid as a moiety were isolated from A. monspes-
sulanus ssp. illyricus [4].

In a continuation of our ongoing research, in the
present study, the flavoalkaloids and flavonoids iso-
lated from A. monspessulanus ssp. monspessulanus and
ssp. illyricus were tested for hepato- and neuro-pro-
tective effects on different in vitro models (isolated rat
hepatocytes and isolated rat brain synaptosomes).
Quantitative structure–activity relationship (QSAR)
studies were performed in order to identify the main
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structural features relevant to the hepatotoxicity of
the studied compounds, administered alone, on iso-
lated rat hepatocytes.

Materials and methods

Plant material, extraction and isolation of
the compounds

The plants were identified by Assoc. Prof. D. Pavlova
from the Department of Botany, Faculty of Biology,
Sofia University, where voucher specimens have been
deposited (A. monspessulanus subsp. monspessulanus,
N SO 107533, and A. monspessulanus subsp. illyricus, N
SO 107532). Details on the isolation and identification
of the compounds were reported previously [4].

Two flavoalkaloids: N-(8-methylquercetin-3-O-[a-L-
rhamnopyranosyl-(1!2)-[a-L-rhamnopyranosyl-(1!6)]-
b-D-galactopyranosyl])-3-hydroxy-piperin-2-one (2) N-(8-
methylkaempferol-3-O-[a-L-rhamnopyranosyl-(1!2)-[a-L-
rhamnopyranosyl-(1!6)]-b-D-galactopyranosyl])-3-hydroxy-
piperin-2-one (3), and nine flavonoids: quercetin-3-O-
[a-L-rhamnopyranosyl-(1!2)-[a-L-rhamnopyranosyl-(1!6)]-
b-D-galactopyranosyl]-7-O-b-D-glucopyranoside (1),
alangiflavoside (6), alcesefoliside (7), mauritianin (8),
quercetin-3-b-robinobioside (9), cosmosine (10), apigenin-
40-O-glucoside (11), trifolin (12) and rutin (13), were iden-
tified in A. monspessulanus subsp. monspessulanus.

Two flavonoids: kaempferol-3-O-a-L-rhamnopyranosyl-
(1!2)-[6-O-(3-hydroxy-3-methylglutaryl)-b-D-galactopyra-
nosyl]-7-O-b-D-glucopyranoside (4) and quercetin-3-O-
a-L-rhamnopyranosyl-(1!2)-[6-O-(3-hydroxy-3-methyl-
glutaryl)-b-D-galactopyranosyl]-7-O-b-D-glucopyranoside
(5), were determined in A. monspessulanus subsp. illyricus.
The structures of the compounds were elucidated by
nuclear magnetic resonance (NMR) and High-resolution
electrospray ionisation mass spectrometry (HRESIMS)
data (Figure 1).

Functional-metabolic status of isolated rat
hepatocytes and rat brain synaptosomes

Chemicals and reagents

The chemicals: HEPES (N-[2-hydroxyethyl]piperazine-N0-
[2-ethanesulfonic acid]), NaCl, KCl, D-glucose, NaHCO3,
KH2PO4, CaCl2�2H2O, MgSO4�7H2O, D-sucrose,
MgCl2�6H2O, NaH2PO4, collagenase from Clostridium
histolyticum type IV, albumin, bovine serum fraction V,
minimum 98%, ethylene glycol-bis(b-aminoethyl
ether)-N,N,N0,N0-tetraacetic acid (EGTA), 2-thiobarbituric
acid, trichloroacetic acid, 2,20-dinitro-5,50-dithiodiben-
zoic acid (DTNB), tert-butyl hydroperoxide (t-BuOOH),

trypan blue, (3-(4,5)-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), were from Sigma Aldrich
(Germany). Other chemicals used: pentobarbital

Figure 1. Structures of the studied flavoalkaloids (2–3), flavo-
noids from A. monspessulanus ssp. monspessulanus (6–13) and
A. monspessulanus ssp. illyricus (4–5). Silybin was used as a
reference compound.
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sodium was from Sanofi (France); lactate dehydrogen-
ase (LDH) kit was from Randox (UK).

Experimental animals

Animals were purchased from the National Breeding
Centre, Sofia, Bulgaria. At least 7 days of acclimatiza-
tion were allowed before the commencement of
the study. The experiments were carried out: on
young (1- to 1.5-year) and on old (2- to 2.5-year) male
Wistar rats housed in plexiglass cages (three per cage)
in a 12/12 light/dark cycle, under standard laboratory
conditions (ambient temperature 20 �C±2 �C and
humidity 72% ± 4%) with free access to water and
standard pelleted rat food 53-3, produced according
ISO 9001:2008. The vivarium (No. 0072/01.08.2007)
was inspected by the Bulgarian Drug Agency in order
to check the husbandry conditions (No. A-11-
1081/03.11.2011).

Ethics statement

All performed procedures were approved by the
Institutional Animal Care Committee and performed
according to Ordinance No. 15/2006 on the Minimum
Requirements for the Protection and Welfare of
Experimental Animals and Requirements for the Use,
Rearing and/or Transportation of Animals (No.
74/03.02.2012).

Treatment

To investigate the independent effects of the studied
flavoalkaloids and flavonoids on isolated rat hepato-
cytes, hepatocytes were incubated with three serial
dilutions of each individual compound: 1, 10 and
100 mmol/L for 1 h [5]. Two in vitro toxicity models:
75 mmol tert-butyl hydroperoxide [6] for hepatocytes
and 150 mmol 6-hydroxydopamine (6-OHDA) for synap-
tosomes [5] were used in our experiments. In these
toxicity models, the studied flavoalkaloids and flavo-
noids were at a concentration of 100 mmol/L.

Isolation of hepatocytes

An optimized in situ liver perfusion using less reagents
and shorter time of cell isolation was performed. The
method provided a high amount of live and metabol-
ically active hepatocytes [5].

After partial catheterization, the liver was perfused
with HEPES buffer (pH ¼ 7.85) þ 0.6mmol/L ethylene-
diaminetetraacetic acid (EDTA) (pH ¼ 7.85), followed
by pure HEPES buffer (pH ¼ 7.85) and finally HEPES
buffer containing collagenase type IV (50mg/200mL)

and 7mmol/L CaCl2 (pH ¼ 7.85). The liver was excised,
minced into small pieces, and hepatocytes were dis-
persed in Krebs–Ringer-bicarbonate (KRB) buffer (pH ¼
7.35) þ 1% bovine serum albumin.

Cells were counted under a light microscope and
the viability was assessed by Trypan blue exclusion
(0.05%). Initial viability averaged 89%.

Cells were diluted with KRB to make a suspension
of about 3� 106 hepatocytes/mL. Incubations were
carried out in flasks containing 3mL of the cell sus-
pension (i.e. 9� 106 hepatocytes) and were performed
in a 5% CO2 þ 95% O2 atmosphere.

Biochemical parameters in isolated hepatocytes

Lactate dehydrogenase (LDH) release, reduced gluta-
thione (GSH) depletion and malondialdehyde (MDA)
production were measured spectrophotometrically as
previously described [5].

Lactate dehydrogenase (LDH) release. After incuba-
tion, the hepatocytes were centrifuged for 4min at
550 g and the supernatant was used for measurements
of LDH release spectrophotometrically by a LDH kit.
The potential cytotoxic activity of the compounds was
assessed as half maximal effective concentration
(EC50), which is defined as the concentration of the
compound causing 50% of the maximal LDH activity
released by silybin.

Reduced glutathione (GSH) depletion. At the end of
the incubation, isolated rat hepatocytes were centri-
fuged (at 4 �C) and the pellet was used for evaluation
of the level of intracellular GSH. It was assessed by
measurement of non-protein sulfhydryls after precipi-
tation of proteins with trichloroacetic acid (TCA), fol-
lowed by measurement of thiols in the supernatant
with DTNB. The absorbance was measured at 412 nm.
The GSH levels (%) were assessed at a concentration
of 100 lmol/L of each studied compound.

Malondialdehyde (MDA) assay. After incubation,
1mL of hepatocyte suspension was taken and added
to 0.67mL of 20% (w/v) TCA. After centrifugation,
1mL of the supernatant was added to 0.33mL of
0.67% (w/v) 2-thiobarbituric acid (TBA) and heated at
100 �C for 30min. The absorbance was measured at
535 nm, and the amount of TBA-reactants was calcu-
lated using a molar extinction coefficient of MDA
1.56� 105 L/(mol cm). The MDA production was
assessed as EC50, defined as the concentration of the
compound causing 50% of the maximal MDA produc-
tion of silybin.
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Isolation of brain synaptosomes

Synaptosomes were prepared from brains from old
male Wistar rats, as previously described by Taupin
et al. [7], using Percoll gradient.

Two types of buffers were prepared: Buffer A:
HEPES 5mmol/L and Sucrose 0.32mol/L; Buffer B: NaCl
290mmol/L, MgCl2�2H2O 0.95mmol/L, KCl 10mmol/L,
CaCl2�2H2O 2.4mmol/L, NaH2PO4 2.1mmol/L, HEPES
44mmol/L, D-Glucose 13mmol/L. Brain homogenates
were prepared with buffer A and centrifuged at 1000g
for 10min at 4 �C. After centrifugation, the superna-
tants were removed and centrifuged again under the
above-mentioned conditions. Supernatants were taken
and subjected to centrifugation three times at 10,000g
for 20min at 4 �C. The last two centrifugations were
for purification of the synaptosomes.

Isolation of synaptosomes was performed with the
help of a colloidal silicon solution (Percoll). A 90%
stock solution of Percoll was used. Percoll solutions of
two concentrations, 16% and 10%, were prepared.
Then 4mL of Percoll 16% and 10% were added in
test-tubes and 90% Percoll (7.5% Percoll) was added
to the sediment from the last centrifugation. The
tubes were centrifuged for 20min at 15,000g at 4 �C.
After centrifugation, three layers were formed in the
tubes. The middle layer of each tube was harvested
and buffer B with glucose was added. The mixture
was centrifuged at 10,000g for 20min at 4 �C. After
centrifugation, the sediment with the synaptosomes
was mixed with buffer B with glucose.

The synaptosomal protein content was determined
according to the method of Lowry et al. [8], using
serum albumin as a standard.

Biochemical parameters in isolated synaptosomes

Synaptosome viability was measured by MTT-test as
described by Mungarro-Menchaca et al. [9], and gluta-
thione level in synaptosomes, by the method
described by Robyt et al. [10].

After the incubation with the tested compounds
and 6-OHDA for 1 h, the synaptosomes were centri-
fuged three times at 15,000 g for 1min. MTT-test was
performed to determine synaptosomal vitality.

Reduced glutathione. The level of reduced glutathi-
one was determined by measuring the non-protein
SH-groups after precipitation of the proteins with tri-
chloroacetic acid. After the incubation, synaptosomes
were centrifuged at 400 g for 3min. The sediment was
treated with 5% trichloroacetic acid and left for 10min
on ice. Samples were centrifuged at 8000 g for 10min

(2 �C). The supernatant was removed to determine the
level of GSH and was stored at �20 �C. Immediately
before the measurement, the samples were neutral-
ized with 5mol/L NaOH. The presence of thiols in the
supernatant was determined using Elmman reagent.
The resulting yellow colour was measured spectro-
photometrically (k¼ 412 nm).

Statistical analysis

Statistical analysis was performed using statistical pro-
gram MEDCALC. Results are expressed as mean values
with standard error of the mean (±SEM) for six experi-
ments. The significance of the data was assessed
using the non-parametric Mann–Whitney test. Values of
p< 0.05; p< 0.01 and p< 0.001 were considered as
statistically significant. Three parallel samples were used.

QSAR protocol

The chemical structures of the studied compounds
were described by 50 descriptors divided in five
groups: atom-type E-state indices, atom-type E-state
accounts, molecular properties (logP, molecular
weight, number of elements, number of rings, number
of hydrogen-bond donor and acceptors, etc.), 3 D
descriptors (dipole, polarizability, surface, volume, etc.)
and user defined (number of hexoses and number of
aromatic OH groups). The relevant descriptors were
selected by genetic algorithm (GA) at the following
settings: size of initial population 32, tournament
selection, uniform crossover, one-point mutation,
Friedman’s lack-of-fit scoring function with parameter
2. All possible subset regressions among the selected
descriptors were calculated and only models with r2

(goodness of fit) �0.Six and q2 (leave-one-out cross
validation coefficient) �0.4 were considered. To check
the validity of the selected descriptor set, 100 random-
izations of the dependent variable among the com-
pounds were carried out and r2random values were
calculated for each regression. If the mean value of
r2random is lower than r2, the selected descriptor set was
considered as valid.

Results and discussion

Administered alone, the tested compounds showed
statistically significant, concentration-dependent hep-
atotoxic effects, similar to those of silybin (Table 1). All
of the compounds increased the LDH activity and
MDA production and decreased the GSH level statistic-
ally significantly, compared to the control (non-treated
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hepatocytes). Some of the compounds (1–7) had
lower toxicity on the examined parameters than the
effects of silybin. We suggest that the tested com-
pounds had independent metabolism and possibly
formed toxic metabolites which damaged the cells.

The results from QSAR on the hepatotoxicity of
the studied compounds are given in Table 2. The
EC50 values are presented in p-units (�log). Lower
pEC50 values correspond to lower cytotoxicity. The
pEC50 values for LDH activity were very similar and
ranged from 4.726 to 5.018. All of them were lower
than the pEC50 5.021 of silybin. The pEC50s for MDA
production were between 6.082 and 7.434 and also
were less than the pEC50 7.533 of silybin. The GSH lev-
els measured at a concentration of 100 lmol/L of the
studied compounds varied from 60% to 80%; in

comparison, the same concentration of silybin gave
60% GSH. All tests showed that the studied flavoalka-
loids and flavonoids were less hepatotoxic than silybin.

QSAR on LDH activity

The best QSAR model for LDH activity was derived
after GA-based variable selection and all possible sub-
set regressions are given below:

pEC50ðLDHÞ ¼ �0:065 ð60:038ÞSaasC acnt

– 0:019 ð60:007Þphiaþ 5:502

n ¼ 13 r2 ¼ 0:629 q2 ¼ 0:413 r2random ¼ 0:171

The descriptor SaasC_acnt accounts for the number
of aromatic carbon atoms bound to non-hydrogens.

Table 1. Effects of compounds 1–13 and Silybin (S) (at concentrations 1, 10 and 100 mmol/L) adminis-
tered alone on isolated rat hepatocytes.
Condition Concentration LDH activity (%) GSH level (%) MDA production (%)
Control (mmol/L) 100 100 100

1 1 102 90� 164��
10 107� 80� 189��
100 188�� 75� 221���

2 1 101 90� 172��
10 109� 85� 193���
100 189�� 80� 231���

3 1 102 90� 177��
10 110� 80� 198���
100 187�� 75� 228���

4 1 100 90� 180��
10 108� 85� 205���
100 190�� 75� 230���

5 1 118� 80� 205���
10 124�� 70� 236���
100 206��� 60�� 258���

6 1 119�� 80� 211���
10 121�� 70� 228���
100 204��� 65�� 261���

7 1 100 95 184���
10 105 90� 210���
100 186�� 80� 230���

8 1 116� 70� 205���
10 125�� 65�� 233���
100 206��� 60�� 264���

9 1 120�� 75� 210���
10 128�� 70� 239���
100 209��� 65�� 272���

10 1 121�� 75� 215���
10 130�� 65�� 233���
100 211��� 60�� 267���

11 1 116� 80� 221���
10 133�� 70� 238���
100 214��� 65�� 270���

12 1 120�� 80� 218���
10 136�� 70� 248���
100 218��� 65�� 280���

13 1 122�� 75� 225���
10 139�� 70� 241���
100 217��� 65�� 274���

Silybin 1 123�� 70� 230���
10 140�� 65�� 250���
100 220��� 60�� 280���

Note: Values are the mean ± SEM of six experiments. Values are expressed as a present relative to the control condition.�p< 0.05; ��p< 0.01; ���p< 0.001 vs. control (non-treated hepatocytes).
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Their number varies between 8 and 6. The presence of
a second aromatic OH group increases the value of
SaasC_acnt. The negative coefficient indicates that the
higher number of such carbons corresponds to lower
hepatotoxicity. The value of the kappa shape molecu-
lar flexibility descriptor phia is decreased by increased
cyclicity/branching and is increased with homologa-
tion. Greater molecular flexibility is indicated by larger
values of phia. In our case, phia highly correlated with
the molecular weights of the compounds (r¼ 0.994).
The negative coefficient indicates an inverse relation-
ship with pEC50 (LDH): higher values for phia (bigger
molecules) corresponded to lower hepatotoxicity.

QSAR on MDA production

The best QSAR model for MDA production was:

pEC50ðMDAÞ ¼ 0:200 ð60:103Þ log p
þ 0:137 ð60:072ÞSaasCþ 7:105

n ¼ 13 r2 ¼ 0:600 q2 ¼ 0:415 r2random ¼ 0:184

The descriptor log p accounts for the lipophilicity of
compounds. The lipophilicity of the studied flavonoids
increased as the number of hexoses decreases. The
positive regression coefficient for log p means that
the compounds that are more lipophilic are highly
hepatotoxic. The descriptor SaasC is a sum of the E-
state values of aromatic carbon atoms bound to non-
hydrogens. More such atoms in the molecule corres-
pond to more negative value of SaasC. The positive
coefficient means that molecules with a greater num-
ber of aromatic carbon atoms bound to non-hydro-
gens had lower hepatotoxicity. This relationship is in a
good agreement with the one found for LDH activity.

QSAR on GSH levels

The best QSAR model accounting for the GSH levels
was as follows:

% ðGSHÞ ¼ 9:318 ð62:022ÞSaasC acntþ 6:818

n ¼ 13 r2 ¼ 0:659 q2 ¼ 0:559 r2random ¼ 0:085

The descriptor SaasC_acnt is relevant for the GSH
levels. The positive coefficient here indicates that the
increased number of aromatic carbon atoms bound to
non-hydrogens gave lower hepatotoxicity. Again, this
relationship is in good agreement with the conclu-
sions made for LDH activity and MDA production.

In conclusion, the structure–activity relationships for
the studied flavoalkaloids and flavonoids showed that
these compounds were less hepatotoxic than silybin.
The main structural features accounting for the lower
hepatotoxicity are the number of hexoses and the
number of aromatic OH groups. The increased number
of hexoses and aromatic OH groups has a low hepato-
toxic effect.

Effects of flavoalkaloids and flavonoids on t-
BuOOH-induced oxidative stress in isolated rat
hepatocytes

Oxidative damage is widely recognized as being
involved in the development of many pathological
conditions. As a widely used pro-oxidant, tert-butyl
hydroperoxide (t-BuOOH) has been associated with
many effects on cell metabolism, e.g. changes in cal-
cium homeostasis, increase of lipid peroxidation and
decrease of mitochondrial membrane potential [11].

The parameters (LDH activity, MDA level and GSH
depletion) determined in the model of t-BuOOH-
induced oxidative stress are presented in Figures 2, 3
and 4. Hepatocytes incubation with 75mmol/L t-
BuOOH resulted in a statistically significant increased

Table 2. Hepatotoxic activities� and relevant descriptors of the studied compounds.
Compound pEC50 LDH pEC50 MDA % GSH at 100lmol/L SaasC_acnt phia Log p SaasC

1 4.729 6.082 75 7 14.964 �0.543 �3.820
2 4.739 6.124 80 8 14.037 �1.677 �4.288
3 4.753 6.451 75 7 13.826 �1.578 �2.642
4 4.726 6.600 75 7 12.415 0.893 �3.544
5 4.917 7.037 60 6 12.209 1.181 �2.001
6 4.906 7.114 65 6 14.754 �0.473 �2.227
7 4.728 6.870 80 7 11.767 0.440 �3.394
8 4.911 6.763 60 6 11.556 0.672 �1.871
9 4.951 6.752 65 7 9.079 0.623 �3.006
10 4.967 7.109 60 6 5.991 0.865 �0.057
11 4.946 7.368 65 6 5.991 0.986 0.049
12 4.980 6.893 65 6 6.202 0.379 �1.267
13 5.018 7.434 65 7 9.079 0.628 �3.006
Silybin 5.021 7.533 60 – – – –
�Note: Activities are given as –logEC50 (pEC50) for LDH release and MDA production and as percent (%) for the GSH levels at a concentration of
100lmol/L of the tested compound.
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LDH activity by 544% (p< 0.001), increased lipid per-
oxidation (MDA) by 191% (p< 0.001) and depletion of
cell GSH by 74% (p< 0.001), compared to the control
(non-treated hepatocytes). In combination with t-
BuOOH, the studied compounds (100 mmol/L) caused a
statistically significant reduction in the damage
induced by the hepatotoxic agent.

The release of LDH was decreased by 1 with 63%
(p< 0.001); by 2 and 4 with 58% (p< 0.001); by 3 with
40% (p< 0.01); by 5 with 33% (p< 0.01); by 6 and 10
with 32% (p< 0.01); by 7 with 66% (p< 0.001); by 8
with 60% (p< 0.001); by 9 with 23% (p< 0.01); by 11
with 29% (p< 0.01); by 12 with 46% (p< 0.001) and
by 13 with 24% (p< 0.01), compared to the t-BuOOH
group. Silybin decreased LDH activity by 33%
(p< 0.01), compared to the t-BuOOH group (Figure 2).

Compound one prevented t-BuOOH-induced GSH
depletion: the GSH level was increased by 240%
(p< 0.001) in the group treated with compound 1
and t-BuOOH compared to the t-BuOOH group.
Compounds 2, 4, 7 and 8 also caused an increase in
the GSH level, by 220% (p< 0.01; p< 0.001); 3, 5 and
13, by 140% (p< 0.01); 6 and 10, by 120% (p< 0.01);
9 and 12, by 160% (p< 0.01); and 11, by 100%
(p< 0.01), as compared to the t-BuOOH group. Silybin
prevented GSH depletion: the GSH level was increased
by 200% (p< 0.01) in the group treated with silybin
and t-BuOOH compared to that in the t-BuOOH group
(Figure 3).

The production of MDA was significantly decreased
by 1 with 64% (p< 0.001); by 2 with 62% (p< 0.001);

by 3, 11 and 13 with 18% (p< 0.05); by 4 and 7 with
60% (p< 0.001); by 5 and 6 with 23% (p< 0.05); by 8
with 56% (p< 0.001); by 9 with 14% (p< 0.05); by 10
with 27% (p< 0.01) and by 12 with 28% (p< 0.01),
compared to the t-BuOOH group. Silybin decreased
MDA production by 62% (p< 0.001), compared to the
t-BuOOH group (Figure 4).

Two mechanisms for t-BuOOH action have been
proposed: depletion of GSH cellular stores and oxida-
tion of functionally important SH groups on mitochon-
drial enzymes, and/or changes of mitochondrial
membrane integrity induced by peroxidation of mem-
brane lipids [11]. The results from the present study
showed that, in the model of t-BuOOH-induced oxida-
tive stress, compounds 1, 2, 4, 7 and 8 had stronger
effects than those of silybin. The effects of the other
compounds were similar to those of silybin. There are
data that silybin inactivates human CYP3A4 and
CYP2C9, as well as the main liver glucuronosyltransfer-
ases [12].

It is known that flavonoids scavenge reactive oxy-
gen species (ROS) by reacting with the radical. The fla-
vonoid is oxidized and the ROS is reduced as an
outcome of this interaction [13].

According to the literature data about the effects of
silybin on some drug-metabolizing enzyme systems
from first and second phase of biotransformation, we
can suggest that the cytoprotective effects of flavoal-
kaloids and flavonoids on t-BuOOH-induced oxidative
stress were possibly related to: their activity as scav-
engers of ROS on one hand, and possible activity as

Figure 2. Effects of compounds 1–13 (at concentration 100mmol/L), on LDH leakage, in t-BuOOH-induced oxidative stress (at con-
centration 75mmol/L) in isolated rat hepatocytes. Each symbol indicates the mean± SEM of six experiments. Statistically significant
differences: ���p< 0.001 vs. control (non-treated hepatocytes); þþp< 0.01; þþþp< 0.001 vs. t-BuOOH.
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inhibitors of some CYP isoforms, playing a role in the
metabolism of t-BuOOH, on the other.

Effects of flavoalkaloids and flavonoids on 6-
hydroxydopamine-induced oxidative stress in iso-
lated rat brain synaptosomes

The parameters (synaptosomal viability and GSH
depletion) determined in the model of 6-hydroxydop-
amine (6-OHDA)-induced toxicity (a model of oxidative
stress) are presented in Figures 5 and 6. Synaptosome
incubation with 150 mmol/L 6-OHDA resulted in a

statistically significant decreased synaptosomal viabil-
ity by 55% (p< 0.001) and depletion of synaptosomal
GSH by 62% (p< 0.001), compared to the control
(non-treated synaptosomes).

In combination with 6-OHDA, the studied flavoalka-
loids and flavonoids caused a statistically significant
reduction in the damage induced by the neuro-
toxic agent.

Compound 1 prevented 6-OHDA-induced decrease
of the synaptosomal viability by 73% (p< 0.001); 2 by
67% (p< 0.001); 3 and 5 by 24% (p< 0.01); 4 and 8
by 69% (p< 0.001); 6 by 22% (p< 0.01); 7 by 71%

Figure 3. Effects of compounds 1–13 (at concentration 100mmol/L), on GSH level, in t-BuOOH-induced oxidative stress (at con-
centration 75mmol/L) in isolated rat hepatocytes. Each symbol indicates the mean± SEM of six experiments. Statistically significant
differences: ���p< 0.001 vs. control (non-treated hepatocytes); þþp< 0.01; þþþp< 0.001 vs. t-BuOOH.

Figure 4. Effects of compounds 1–13 (at concentration 100mmol/L), on MDA production, in t-BuOOH-induced oxidative stress
(at concentration 75mmol/L) in isolated rat hepatocytes. Each symbol indicates the mean± SEM of six experiments. Statistically sig-
nificant differences: ���p< 0.001 vs. control (non-treated hepatocytes); þp< 0.05; þþ p< 0.01; þþþ p< 0.001 vs. t-BuOOH.
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(p< 0.001); 9, 11 and 13 by 16% (p< 0.01); 10 by 18%
(p< 0.01) and 12 by 20% (p< 0.01), compared to the
6-OHDA group. Silybin decreased the synaptosomal
viability by 51% (p< 0.001), compared to the 6-OHDA
group (Figure 5).

Compounds 1, 2 and 7 prevented 6-OHDA-induced
GSH depletion by 120% (p< 0.001); 3, 6 and 10 by
80% (p< 0.01); 4 and 8 by 140% (p< 0.001); 5 and 13
by 40% (p< 0.05); 9, 11 and 12 by 60% (p< 0.01),
compared to the 6-OHDA group. Silybin prevented
GSH depletion by 80% (p< 0.01), compared to the
6-OHDA group (Figure 6).

A convenient and reliable in vitro sub-cellular sys-
tem for the investigation of neurodegenerative-related
pathological processes leading to Parkinson’s and
Alzheimer’s disease is the treatment of rat brain syn-
aptosomes with 6-OHDA. The underlying mechanism
of 6-OHDA neurotoxicity involves the generation of

ROS and reactive metabolites, based on its mitochon-
drial metabolism in nerve cells [14].

In our previous studies, we found that some flavo-
noids, saponins and saponin mixtures isolated from
Astragalus corniculatus and Astragalus hamosus had
strong antioxidant and neuroprotective effects on 6-
OHDA-induced oxidative stress in isolated rat brain
synaptosomes [5, 15]. The results from the present
study showed that, in the model of 6-OHDA-induced
oxidative stress on isolated rat synaptosomes, the
compounds 1, 2, 4, 7 and 8 had stronger effects
than those of silybin. The effects of the other com-
pounds were similar to those of silybin. We suggest
that the neuroprotective and antioxidant effects of
the compounds are attributed to their ability to scav-
enge ROS. Our results correlate with other findings
about the neuroprotective effects of different com-
pounds (saponins and flavonoids) isolated from genus

Figure 5. Effects of compounds 1–13 (at concentration 100mmol/L), on synaptosomal viability, in 6-OHDA-induced oxidative stress
(at concentration 150mmol/L) in isolated rat synaptosomes. Each symbol indicates the mean± SEM of six experiments. Statistically
significant differences: ���p< 0.001 vs. control (non-treated synaptosomes); þþp< 0.01; þþþp< 0.001 vs. 6-OHDA.

Figure 6. Effects of compounds 1–13 (at concentration 100mmol/L), on GSH level, in 6-OHDA-induced oxidative stress (at concen-
tration 150mmol/L) in isolated rat synaptosomes. Each symbol indicates the mean± SEM of six experiments. Statistically significant
differences: ��� p< 0.001 vs. control (non-treated synaptosomes); þ p< 0.05; þþ p< 0.01; þþþ p< 0.001 vs. 6-OHDA.
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Astragalus, on experimental models of neurological
disorders [16–18].

Conclusions

This study showed that, on isolated rat hepatocytes, in
tert-butyl hydroperoxide- and on isolated rat synapto-
somes, in 6-OH-dopamine-induced oxidative stress,
flavoalkaloids and flavonoids isolated from A. monspes-
sulanus ssp. monspessulanus and ssp. illyricus, were
effective hepato- and neuroprotectors, as well as anti-
oxidants. The observed hepatoprotective effects of 1,
2, 4, 7 and 8 may be attributed to the different sub-
stituents present in either the aglycone or the sugar
moieties. Flavonoid 1 has a substitution at C-7, flavoal-
kaloid 2 possess a cyclo-hydroxy-piperidine sidechain
at C-8 and compound 4 is a hydroxymethylglutaric
acylated sugar chain. These substituents could reduce
the overall polarity of the compounds. There were no
significant differences observed in the action of the
kaempferol derivative 8 and the quercetin derivative
7. This could suggest that kaempferol, theoretically
being less polar than quercetin (lacking one OH group
in the B ring), is not enough to reduce the com-
pound’s polarity and a further substitution of the agly-
cone is needed.
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