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Abstract 

 
Background and purpose: Doxorubicin (DOX) as a chemotherapeutic agent has been widely used in the 
treatment of various types of cancer. However, DOX exerts a toxic effect on normal tissues such as the brain. 
Furanocoumarins reduce the risk of cardiovascular and brain diseases because of their antioxidant activities. 
This study has been designed, for the first time, to evaluate the effect of  known furanocoumarins 
oxypeucedanin and isoimperatorin extracted from Prangos ferulacea (L.) Lindl on oxidative stress and 
apoptosis induced by DOX toward pheochromocytoma cell line (PC12).  
Experimental approach: NMR and MASS spectrometers were used to characterize the isolated compounds. 
The protective effects of isolated compounds on DOX-induced cytotoxicity in PC12 cells were examined by 
MTT assay. PC12 cells were pretreated with oxypeucedanin and isoimperatorin for 2 and 21 h, respectively, 
subsequently exposure to DOX at IC50 concentration. Then, mitochondrial membrane potential (MMP), Bax 
and Bcl2 mRNA expressions, caspase-3 activation, and the generation of intracellular reactive oxygen species 
(ROS) were measured after 24 h. 
Findings/Results: Pretreatment with oxypeucedanin and isoimperatorin significantly decreased DOX-induced 
apoptosis through reduction of caspase-3 activity and ROS generation and an increase in MMP. In addition, 
our finding showed pretreatment with these compounds leads to regulation of Bcl-2.  
Conclusion and implications: Taken together our observation indicated that oxypeucedanin and 
isoimperatorin have a protective effect against apoptosis induced by DOX in PC12 cells by inhibition of ROS 
production. 
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INTRODUCTION 

 
Evidences have shown that due to the high 

content of polyunsaturated fatty acids, the 
nervous system has particularly been vulnerable 
to oxidative stress (1). Also, doxorubicin (DOX) 
as a highly effective chemotherapy medication 
for the treatment of a wide variety of tumors,              
rises levels of reactive oxygen species (ROS) 
resulting in inducing oxidative stress (2,3).                  
The overproduction of ROS causes damage in 
organelles' functions such as mitochondria (4). 

Although the level of penetration of DOX into 
the brain is low, its penetration ability is 
increased in presence of mannitol, morphine, 
dexamethasone, or ondansetron, which cause 
damage in neurons of the brain (5). However, 
most of the studies are looked at the well-
known adverse effects of DOX treatment on the 
cardiovascular system and less about its effects 
on the brain. 
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Most of the antioxidant compounds used by 
humans are derived from plant sources. These 
compounds are divided into various classes 
with different physical and chemical properties 
(6). Coumarin and its derivatives consisting of 
fused benzene and α-pyrone rings represent one 
of the most important classes of secondary 
metabolites in seeds, roots, and leaves of many 
plant species (7). Significant phytochemical 
studies have been conducted on coumarins               
and furanocoumarins isolated from the                    
root of Prangos ferulacea (L.) Lindl                   
(8-11). Oxypeucedanin (5-[2,3-epoxy-3,3-
dimethylpropyloxy]psoralen) (11,12) and 
isoimperatorin (5-prenyloxypsoralen) (9-13) 
are two known furanocoumarins extracted from 
the root of P. ferulacea. Some researchers have 
reported that oxypeucedanin has several 
biological activities including anti-mutagenic, 
uterus contraction and blood pressure increase 
(14) and also isoimperatorin has analgesic, 
antimicrobial, and vascular relaxing activities 
(15). In addition, many reports have been 
published, associating with their toxicity and 
anti-proliferative activity against cancer cells 
(16,17). Although it has been proven that the 
radical scavenging effect of coumarins can be 
effective in the treatment of brain diseases (18), 
no data are available on the neuroprotective 
potential of oxypeucedanin and isoimperatorin. 
Therefore, in line with our previous studies 
related to the biological activity of coumarins 
(19,20), we investigated the effects of 
oxypeucedanin and isoimperatorin on 
cytotoxicity induced by DOX in PC12 cells, as 
a widely-accepted model of neuronal cells (21). 
 

MATERIALS AND METHODS 
 
General instruments and chemicals 

The proton nuclear magnetic resonance 
(1HNMR) spectra were recorded on a Brucker® 
(400 MHz, Germany) spectrometer. Chemical 
shift (δ: 7.24) was referenced to the residual 
signal of CDCl3 as solvent. Agilent 5975C 
mass spectrometer (Agilent Technologies, Palo 
Alto, CA) was used for the mass determination. 
Silica gel (0.04-0.063 mm) was utilized for 
column chromatography. Thin-layer 
chromatography (TLC) plates (Silica gel                   
60 GF254 precoated plates, Merck, Germany) 

were utilized to investigate separation and were 
visualized by UV at 254 and 365 nm, and/or 
staining cerium sulfate/sodium molybdate and 
heating.3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium (MTT). Fluorescent probe 
2,7-dichlorofluorescein diacetate (DCF-DA), 
rhodamine-123, TritonTM X-100, and fetal 
bovine serum (FBS) were purchased from 
Sigma (St Louis, MO, USA). Also, Dulbecco’s 
modified eagle’s medium (DMEM-F12) was 
purchased from Gibco (Grand Island, NY, 
USA). Express One-Step SYBR GreenER and 
caspase-3 detection kits were purchased from 
Invitrogen (Carlsbad, CA) and Sigma, 
respectively. Other chemicals and all the 
solvents used for extraction and purification 
were purchased from Merck (Germany) and Dr. 
Mojallali (Iran). 
 
Plant material 

P. ferulacea roots were collected from 
Dasht-Room village, Kohkiloye and Boyer 
Ahmad, Iran, at an altitude of 1800 m above sea 
level. After identification of the plant by the 
botany department of Yasouj University, a 
specimen (Voucher No. 2408) was kept                   
at the Herbarium of School of Pharmacy, 
Isfahan University of Medical Sciences, 
Isfahan, Iran. 
 
Extraction and isolation of isoimperatorin and 
oxypeucedanin 

The air-dried roots of P. ferulacea (850 g) 
were macerated with acetone (8.5 L × 3) for 3 
days at room temperature with mixing. After 
removing the solvent in vacuo, the dark brown 
viscous residue (85 g) was winterized using 
MeOH and chromatographed as described 
previously (11). The defatted extract (77 g) was 
fractionated by vacuum liquid chromatography 
(VLC, silica gel column) using a gradient of 
EtOAc in heptane from 10 to 100% to obtain 4 
fractions (F1-F4). Fraction F3 (H: EtOAc, 5:5) 
was not pure enough which was further                   
purified using recrystallization to give pure 
compound 1 crystals (732 mg). The second 
fraction (H: EtOAc, 8:2, 7:3) was separated              
via an open column using silica gel (H: EtOAc,               
9:1 to 6:4) to get five fractions (G1-G5). 
Fraction G2 after evaporation resulted in 
compound 2 (432 mg). 



Jalilian et al. / RPS 2022; 17(1):12-21  

 

14 

Cell culture conditions 
PC12 cell line possesses intracellular 

substrates for the synthesis, metabolism, and 
transportation of dopamine (DA). This               
makes PC12 cells (originally from rat 
pheochromocytoma) useful as a model system 
for neuroprotection study. This cell line was 
received from the Pasteur Institute of Iran 
(Tehran, Iran). Cells were cultured under 
normal conditions including DMEM-F12 with 
10% (v/v) heat-inactivated FBS, 100 U/mL 
penicillin and 100 mg/mL streptomycin and 
incubated in suitable conditions, temperature of 
37 °C, 90% humidity, and 5% CO2 (22). 
 
Cell viability assay 

MTT assay was performed to examine the 
cellular toxicities of DOX, oxypeucedanin,                 
and isoimperatorin against PC12 cells.                             
At the beginning of the experiment, cells                      
were cultured in a 96-well microplate                    
(7000 cells/well in 200 μL volume). In the next 
step, collection of experiments were performed 
as follows: (1) untreated control cells, (2) cells 
were treated with different concentrations                 
(0-100 µg/mL) of oxypeucedanin and 
isoimperatorin for 2 and 21 h, respectively, (3) 
cells were treated with different concentrations 
of DOX (0-30 μM) for 24 h, and (4) cells were 
pretreated with different concentrations of 
oxypeucedanin (2 h) and isoimperatorin (21 h), 
then after changing the medium, cells were 
treated with of DOX at IC50 concentration for 
another 24 h. The concentration of DMSO in 
the culture medium was kept constant at 0.5% 
for all the solutions. Briefly, after treatment, the 
culture medium was replenished by 200 μL of 
MTT (0.5 mg/mL) in the growth medium and 
then, the plates were incubated for 2-4h at                  
37 °C. After the incubation period, to solubilize 
the composed formazan crystals, 200 μL 
DMSO was added to each well and shaken. 
Finally, the absorbance was specified at                       
570 nm (test wavelength) and 630 nm 
(reference wavelength) to obtain sample signal 
(OD570-OD630) by an ELISA plate reader 
(Biotek, H1 M, USA). 
 
Measurement of mitochondrial membrane 
potential  

There are many different kinds of factors 
that participated in the induction of apoptosis, 

among them mitochondria play a crucial role. 
In this study, mitochondrial membrane 
potential (MMP) was assessed by rhodamine 
123 as a fluorescent cationic dye. For this 
purpose, PC12 cells were treated with 
appointed concentrations of oxypeucedanin and 
isoimperatorin in 6-well tissue culture plates for 
2 and 21 h, respectively. After that, DOX                   
(at IC50 concentration) was added to the cells 
and incubated for 24 h. At the end of treatment, 
cells were incubated with rhodamine 123                   
(15 μL, 20 μM) for 30 min at 37 °C. Thereafter, 
the fluorescence of lysed cells by TritonTM 
X100 was measured at an exciting wavelength 
of 488 nm and an emission wavelength of                  
590 nm using a fluorescence microplate reader 
(BioTek, H1 M, USA). Also, the Bradford 
assay was used for the determination of protein 
content. 
 
Real-time polymerase chain reaction analysis 
of apoptosis-related gene expression 

Total RNA of PC12 cells was extracted 
using the RNA isolation kit (Roche, Mannheim, 
Germany) and was assessed qualitatively and 
quantitatively by spectrophotometer 
(NanoDrop 2000, USA). Then, samples were 
stored at -80 °C in order to further 
investigations. The primers used in this study 
were selected from previous studies (19). 
Thermal cycler conditions were 15 min at 50 °C 
for cDNA synthesis, 10 min at 95 °C followed 
by 40 cycles of 15 s at 95 °C to denature the 
DNA, and 45 s at 60 °C to anneal and extend 
the template. All reactions were carried out in a 
triplicate using a Corbett system (Australia). 
The target genes expression was                   
normalized against ߚ-actin and analyzed                   
by the relative gene expression -ΔΔCT method                   
where -ΔΔCT = (CTtarget - CTߚ-actin) unknown - 
(CTtarget - CTߚ-actin) calibrator. 
 
Caspase 3 activation assay 

The activity of caspase-3 was determined by 
a colorimetric caspase-3 kit (Sigma, USA). This 
assay is based on spectrophotometric detection 
of the chromophore p-nitroanilide (pNA) after 
cleavage from the enzyme-substrate,                   
Ac-DEVDpNA in an equal amount of cells 
protein. To this purpose, pretreatment cells with 
appointed concentrations of oxypeucedanin and 
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isoimperatorin were treated with DOX, at IC50 
concentration for 24 h, and then cells were 
centrifuged at 1200 rpm for 5 min. Thereafter, 
50 μL lysis buffer was added to 1 × 106 
collected cells and incubated on ice for 10 min. 
Cell lysates were centrifuged at 14000 rpm for 
5 min and 4 °C. After which a 10 μL mixture of 
cell lysate was combined with an equal amount 
of substrate reaction buffer, containing a 
caspase-3 colorimetric substrate, then was 
incubated for 2 h at 37 °C. The absorbance was 
then quantified using a microplate reader 
(BioTek, H1M) at 405 nm. The protein content 
was determined by the Bradford assay. 
 
Determination of intracellular ROS 

Intracellular ROS formation was examined 
by DCF-DA, a non-fluorescent lipophilic ester, 
which is a known compound for investigating 
oxidative damage in intact cells. This 
compound is easily uptake by cells and is de-
acetylation by non-specific esterases inside the 
cytosol, and the oxidation of this molecule with 
ROS can make it fluorescent (in the form of 
DCF molecules). Generally, the level of ROS is 
determined by the intensity of this fluorescence. 
Briefly, cells were pretreated with appointed 
concentrations of oxypeucedanin and 
isoimperatorin, then were treated with DOX 
(IC50) and after remaining 24 h in an incubator, 
DCF-DA (20 μL) was added to the whole of wells 
and were incubated for another 30 min at 37 °C. 
Thereafter, cells were lysed with TritonTM 
X100 and the fluorescence was measured at                 
488 nm (excitation wavelength) and 528 nm 
(emission wavelength) utilizing a fluorescence 
microplate reader (BioTek, H1 M, USA). 
 
Statistical analysis 

All measurements were repeated in triplicate 
the results were presented as mean ± SEM. The 
results were compared by one-way analysis of 
variance (ANOVA) followed by Tukey tests. A 
P value < 0.05 was considered to be statistically 
significant. 
 

RESULTS 
 

Phytochemical investigation 
From the acetone extract of the roots of                   

P. ferulacea, two furanocoumarins were 

isolated by VLC and open column of silica gel; 
compound 1: oxypeucedanin and compound 2: 
isoimperatorin (Fig. 1). The structures of these 
compounds were identified by spectroscopic 
methods including 1HNMR and mass spectra as 
well as by comparison of them with related data 
published in the literature (23,24). The 
analytical data were as follows: 

Oxypeucedanin was isolated as white 
crystals. The EI-MS: m/z286[M]+, 202                   
[M-5-subst.]+ and 85 [5-subst.]. C16H14O5               
was obtained for oxypeucedanin by the 
quasimolecular ion at m/z 286[M]+ (25); 1HNMR 
(400 MHz, CDCl3, J in Hz): 6.34 (1H, d, J = 9.77, 
H-3), 8.23 (1H, d, J = 9.78, H-4), 7.22 (1H, s, H-
8), 7.64 (1H, d, J = 2.32, H-2´), 6.98 (1H, d,               
J = 1.62, H-3´), 4.61 (1H, dd, J = 6.8, H-1´´), 4.47 
(1H, dd, J = 6.8, H-1´´), 3.25 (1H, dd, H-2´´), 
1.36(3H, s, CH3), 1.11 (3H, s, CH3). 

Isoimperatorin was obtained as a white cubic 
crystal. The EI-MS gave peaks at m/z 270 
[M]+, 255 [M-CH3], 227 [M- (CH3)2CH]+, the 
molecular ion atm/z 270 [M]+ is in agreement 
with the C16H14O4 (25); 1HNMR (400 MHz, 
CDCl3, J in Hz): 6.3 (1H, d, J = 9.6, H-3), 8.19 
(1H, d, J = 9.6, H-4), 7.19 (1H, s, H-8), 7.62 
(1H, d, J = 2.3, H-2´), 6.99 (1H, d, J = 2.3, H-
3´), 5.57 (1H, t, H-2´´), 4.95 (2H, d, J = 6.8, H-
1´´), 1.84(3H, s, CH3), 1.73 (3H, s, CH3). 

The 1HNMR spectra of oxypeucedanin and 
isoimperatorin displayed essentially two proton 
doublets at δH6.3 and δH 8.2 characteristic of 
α-pyrone protons attributed respectively to H-3 
and H-4, and a pair of doublets occurring at δH 
6.9 and δH 7.6 typical of furanic protons 
assignable to H-2´ and H-3´, respectively. 
These data are characteristic of the 
furanocoumarin skeleton (23).  

 

 
 

Fig. 1. Chemical structure of compound 1 
(oxypeucedanin) and 2 (isoimperatorin). 
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Cell viability after exposure to DOX, 
oxypeucedanin and isoimperatorin alone 

We examined the effects of different 
concentrations of oxypeucedanin and 
isoimperatorin on the viability of PC12 cells by 
the MTT method to determine the concentrations 
that are not only non-toxic but also can prevent 
DOX-induced cytotoxicity. Figure 2A and B 
clearly revealed that 2-h treatment with 
oxypeucedanin and 21-h with isoimperatorin with 
appointed concentrations (0 to 100 μg/mL) had no 
considerable toxicity on cells. Moreover,                    
PC12 cells were exposed to different 
concentrations of DOX for 24 h. As it can be seen 
in Fig. 2C DOX-induced cytotoxicity with IC50 
value of 5 μM dose-dependently. 
 

Effect of oxypeucedanin and isoimperatorin 
pretreatment on DOX-induced cell death 

For evaluation of cytoprotective effects of 
isolated compounds on DOX, PC12 cells were 
incubated with oxypeucedanin and isoimperatorin 
for 2 and 21 h, respectively, then IC50 concentration 
of DOX (5 μM) was added and cells incubated for 
another 24 h. A glance at Fig. 3A and B 
demonstrated that the presence of oxypeucedanin 
and isoimperatorin caused increasing the                    
cell survival and it can be concluded that                    
these compounds could protect cells from                    
DOX-induced cytotoxicity. The results showed 
that the most protective effect is related to the 
concentration of 80 μg/mL of oxypeucedanin and 
80 and 100 μg/mL of isoimperatorin. 

 
Fig. 2. The effect of (A) oxypeucedanin, (B) isoimperatorin, and (C) doxorubicin on PC12 cells viability. The cell viability 
was determined by MTT assay. Data are expressed as the mean ± SEM of three separate experiments. 
 
 

 
Fig. 3. The effect of oxypeucedanin and isoimperatorin on doxorubicin-induced cytotoxicity in PC12 cells. Cells were 
pretreated with different concentrations of (A) oxypeucedanin for 2 h and (B) isoimperatorin for 21 h before exposure to 
5 μM of doxorubicin. Data are expressed as the mean ± SEM of three separate experiments. **ܲ < 0.01 Indicates 
significant differences compared to the control. 
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Fig. 4. Effect of oxypeucedanin and isoimperatorin on 
DOX-induced mitochondrial membrane potential 
collapse. Cells were pretreated with oxypeucedanin and 
isoimperatorin at the same concentration of 80 μg/mL for 
2 h and 21 h, respectively, before exposure to DOX at                 
5 μM. The graph is showing the changes in MMP as 
represented by the mean fluorescence intensity of 
rhodamine 123. ***ܲ < 0.001 Indicates significant 
difference compared to the control group and                   
###ܲ < 0.001 versus DOX-treated group. DOX, 
Doxorubicin; ISO, isoimperatorin; OXY, oxypeucedanin. 
 
The effect of oxypeucedanin and 
isoimperatorin pretreatment on MMP induced 
by DOX 

To further elucidate how DOX can alter the 
mitochondrial events, the collapse of MMP in 

the cell line was evaluated with rhodamine 123. 
Fig. 4 clearly shows DOX at its IC50 (5 µM) 
concentration considerably reduced the MMP 
by 50% in PC12 cells. Pretreatment of cells 
with oxypeucedanin and isoimperatorin 
attenuated the MMP changes caused by DOX. 
Fluorescence intensity increased 25% and 34% 
in cells pretreated with oxypeucedanin and 
isoimperatorin at the same concentration                   
(80 μg/mL) in comparison to the DOX-treated 
group. 
 
The effects of oxypeucedanin and 
isoimperatorin pretreatment on mRNA 
expression of Bax and Bcl-2 

To approve our results and also to 
investigate the effect of oxypeucedanin and 
isoimperatorin on the decrease of DOX-
induced apoptosis, the mRNA expression of 
Bax and Bcl2 were examined in cells.                   
DOX significantly increased the expression 
level of Bax (2.5 fold) while decreasing                 
Bcl-2 expression (0.3 fold) in comparison                   
to the control, indicating 2.32-fold increase in 
the ratio of Bax to Bcl2 (Fig. 5). However,                  
our results revealed the fact that pretreatment                   
of PC12 cells with a concentration of                   
80 μg/mL of both compounds oxypeucedanin 
and isoimperatorin dramatically decreased                   
the Bax/Bcl2 ratio to 1.1 and 0.57,                 
respectively. 

 

 
Fig. 5. The effect of oxypeucedanin and isoimperatorin on (A) Bax, (B) Bcl-2 mRNA expression, and (C) Bax/Bcl-2 in 
PC12 cells. Cells were pretreated with oxypeucedanin and isoimperatorin (80 μg/mL) for 2 h and 21 h, respectively, 
before exposure to DOX at 5 μM of. Normalization relative to B-actin was performed. Levels of mRNA are expressed 
relative to the control cells as the mean ± SEM values derived from three independent experiments. *ܲ < 0.05 and                    
***ܲ < 0.001 indicate significant differences compared to the control, ##ܲ < 0.01 and ###ܲ < 0.001 versus DOX-treated 
group. DOX, Doxorubicin; ISO, isoimperatorin; OXY, oxypeucedanin.   
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Fig. 6. The effect of oxypeucedanin and 
isoimperatorinon on caspase-3 activity in PC12                     
cells. Cells were pretreated with oxypeucedanin and 
isoimperatorin (80 μg/mL) for 2 h and 21 h, respectively, 
before exposure to DOX at 5 μM. Data are expressed as 
mean ± SEM of three separate experiments.                                  
*ܲ < 0.05 Indicates significant difference                        
compared to the control group and #ܲ < 0.05                         
versus DOX-treated cells. DOX, Doxorubicin; ISO, 
isoimperatorin; OXY, oxypeucedanin. 

 
Fig. 7. Effect of oxypeucedanin and isoimperatorinon on 
DOX-induced reactive oxygen species overproduction. 
Cells pretreated with oxypeucedanin and isoimperatorin 
(80 μg/mL) 2 h and 21 h, respectively, before exposure 
to DOX 5 μM. Data are represented as mean ± SEM for 
three independent experiments. ***ܲ < 0.001 Indicates 
significant difference in comparison to the control group, 
##ܲ < 0.01 and ###ܲ < 0.001 versus DOX-treated cells. 
DOX, Doxorubicin; ISO, isoimperatorin; OXY, 
oxypeucedanin. 
 

Effect of oxypeucedanin and isoimperatorin 
pretreatment on caspase-3 activation 

Activation of caspases is known as an 
important factor that drives apoptosis (26). 
Caspase-3 activity is one of the key markers of 
cell apoptosis, which can be evaluated to 
improve the MTT results and can also help 
understand cellular death mechanisms 
(apoptosis or necrosis). As expected, the 
caspase-3 activity in PC12 cells treated with 
DOX at IC50 concentration increased 
dramatically about 2 folds (Fig. 6). However, 
pretreatment with the same concentration                 
(80 μg/mL) of oxypeucedanin and 
isoimperatorin effectively attenuated the 
activity of caspase-3 induced by DOX. 
Oxypeucedanin caused a 40% decrease in 
caspase-3 activity, while this value was 25% for 
isoimperatorin compared to DOX-treated                    
PC12 cells.  
 
Effect of oxypeucedanin and isoimperatorin 
pretreatment on ROS induced by DOX  

As expected, the presence of DOX                      
(IC50 concentration) for 24 h led to an increase 
in DCF fluorescence. Our results indicated a 
significant increase (2.3-fold) in the level of 

intracellular ROS in comparison with the 
control group (Fig. 7). However, we 
investigated the inhibitory effect of 
oxypeucedanin and isoimperatorin (80 μg/mL 
for both) on ROS production by DOX. As 
expected, both compounds were able to 
significantly decrease ROS, indicating their 
protective potential toward DOX-induced 
oxidation  
 

DISCUSSION 
 

Active oxygen species in brain and nerve 
tissues act as a source of oxidative stress and 
damage glial cells and neurons. Various types 
of natural antioxidants such as coumarins are 
potent therapeutics, which can be used to 
prevent neurons from oxidative stress (6,24). 
Our former studies were focused on the activity 
of osthol as a coumarin compound, against 
oxidative stress-induced in PC12 cells (19,20). 
In the current study, we investigated the 
protective and inhibitory effects of 
oxypeucedanin and isoimperatorin, as two main 
furanocoumarin compounds constituent of the 
P. ferulacea roots, on cytotoxic and apoptotic 
effects of DOX in PC12 cells. 
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Because of the significant cytoprotective 
effect of oxypeucedanin and isoimperatorin 
against DOX-induced toxicity, we evaluated 
key parameters involved in apoptosis, to 
achieve complete information about possible 
involved mechanisms. Irreversible and 
widespread mitochondrial outer membrane 
permeabilization has a pivotal role in apoptosis 
(27), which is controlled by the apoptosis 
regulator (Bcl-2) protein family (28). Bcl-2 
family regulates the mitochondrial apoptotic 
pathway. The members of this protein family 
classify into pro- and anti-apoptotic proteins. 
Bcl2, an anti-apoptotic protein, binds to pro-
apoptotic members such as Bax leading to the 
inhibition of pore formation and cytochrome c 
release (from the outer membrane of 
mitochondria) and the induction of apoptosis 
(28). As mentioned in the results section, 
treatment with DOX significantly caused 
enhancement of Bax/Bcl-2 and lowered the 
MMP in PC12 cells. Pal et al. reported that 
treatment with DOX leads to MMP reduction, 
disturbs the balance of Bcl-2 family protein, 
cytochrome c release, and finally induces 
apoptosis in the cells of the brain tissue (29). It 
is demonstrated that the amount of success in 
the progress of apoptosis depends on caspases, 
a family of cysteine-dependent proteases. 
Caspases play a critical role in execution of 
apoptosis by or the proteolysis-mediated 
activation of other apoptotic proteins and or 
directly by the cleavage of nuclear proteins 
(30). Following the interaction, activation of 
caspase 9, an initiator caspase, causes initiating 
a caspase cascade and activates executioner 
caspase-3, leading to the destruction of the cell 
(31). Therefore, to get more insights into cell 
death pathway that occurred in response to the 
pretreatment with oxypeucedanin and 
isoimperatorin, we evaluated the activation of 
caspase-3. Similar to the previous studies, DOX 
significantly increased caspase-3 activation 
(30). However, when the protective effect of 
oxypeucedanin and isoimperatorin on DOX-
induced cytotoxicity was examined, we 
observed the growth of MMP and reduction in 
Bax/Bcl-2 ratio with pretreatment of PC12 cells 
at a sub-toxic concentration of these 
compounds, which represents protective effect 
of oxypeucedanin and isoimperatorin against 

DOX-induced cytotoxicity. Inhibition of rapid 
collapse of MMP by oxypeucedanin and 
isoimperatorin and suppression of caspase-3 
activity indicates that these compounds 
prevented apoptosis in PC12 cells via the 
intrinsic mitochondrial pathway, which can be 
the possible mechanism for inhibition of 
apoptosis. Caspases via the death receptor and 
the mitochondrial pathway have a vital role in 
the apoptotic process (30). This result was in 
line with the findings of previous studies 
(30,31).  

One of the most important factors in the 
destruction of cell brain, cardiac, hepatic, lung 
and kidney is the production of ROS by                 
DOX (32). Previous studies have shown that 
active species of oxygen can lead to cell death 
and apoptosis in neurons, eventually leading to 
neurodegenerative diseases (33). Klaassen and 
Rozman suggested that free radical-mediated 
oxidative stress can be the main mechanism               
by which DOX induces apoptosis in the brain 
(34). Another study reported that osthole, a 
coumarin compound extracted from the                  
plant-derived medicine Cnidium monnieri, 
ameliorates MPP+-induced apoptosis in                 
PC12 cells via inhibition of ROS generation 
(22). Moreover, Liu et al. realized                   
that the production of ROS in PC12 cells 
declines in the presence of osthole (22). Piao et 
al. showed furanocoumarins isolated from 
Angelicae dahuricae have a potent                
antioxidant effect against renal epithelial cell 
injury induced by o 2, 2′-azobis (2-
aminodinopropane) dihydrochloride (AAPH) 
(35). In line with the previously published 
studies, our in vitro experiment revealed                   
the neuroprotective effect of oxypeucedanin 
and isoimperatorin due to the reduction                   
of ROS levels. 
  

CONCLUSION 
  

It can be concluded that oxypeucedanin and 
isoimperatorin isolated from acetone-extract of 
P. ferulacea roots are able to inhibit oxidative 
stress and apoptosis induced by DOX in the 
PC12 cells. However, further studies are 
necessary to indicate explicit neuroprotective 
mechanisms before definite conclusions                   
can be drawn. 
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