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ABSTRACT 
OBJECTIVE: Nicotine causes cell death in many cell lines.  Morphine at low concentrations has protective ef-
fects against cell death. We investigated the effects of low concentration of morphine on nicotine-induced cell 
death in PC12 cells.
MATERIALS AND METHODS: PC12 are cells that grow in DMEM culture medium. Cell viability was detected 
by MTT test and cells cytotoxicity was measured by LDH test. The activity of caspase-3 was diagnosed by the 
caspase activity colorimetric assay kit, and detection of mitochondrial membrane potential was confi rmed by 
rhodamine 123 and TUNEL test was performed for DNA fragmentation detection. The fura-2 AM and also rhod 
2-AM was used for measurement of intracellular calcium (Ca2+) ic and mitochondrial calcium (Ca2+) m and fi nally, 
measurement of antioxidant enzyme activities was assessed.
RESULTS: The low concentration of morphine increased cell viability and suppressed cell cytotoxicity, cell death 
and the formation of mitochondrial membrane potential compared to nicotine treated cells.  It also reduced the 
intracellular calcium (Ca2+) ic and mitochondrial calcium (Ca2+)m concentration, respectively.
CONCLUSION: Morphine as a pain reducer drug, in low concentrations, can protect PC12 cells from nicotine-
induced cell death (Fig. 7, Ref. 59). Text in PDF www.elis.sk.
KEY WORDS: morphine, nicotine, apoptosis, cell death.
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Introduction

Nicotine is a nitrogenous alkaloid compound, which is found 
in tobacco plant and acts as an activator in most nicotine acetyl-
choline receptors as well as antagonists in a few of these recep-
tors   ( 1–3).  Also, it can stimulate the release of many important 
chemical messengers such as: dopamine, acetylcholine, epineph-
rine, norepinephrine, serotonin, beta-endorphin, and arginine va-
sopressin   ( 4–6). Epinephrine release leads to an increased heart 
rate, blood pressure, respiration and blood glucose levels ( 7 ). 
Nicotine enhances weight loss, is associated with cardiovascular 
and atherosclerosis diseases. Studies of animals and in vitro stud-
ies indicate that nicotine has an apoptotic inhibitory function and 
from the other side it can enhance angiogenesis (  8 –10). 

Long-time consumption of nicotine has destructive effects on 
the nervous, urine, digestion and circulatory systems as well as 
organs like the kidney, liver, intestine, stomach, and brain, which 

is among them, the central nervous system and especially the brain 
structures, more important (1  1 –13).  For example, it can enhance 
the CYP2E1 expression of cortical pyramidal neurons and cerebel-
lar Purkinje cells, which may increase the production of Reactive 
oxygen species (ROS) and thereby damage brain tissue. Previous 
studies showed that rodents treated by nicotine lost a signifi cant 
amount of white matter  (1  4 –16).  Gabriel Olaiya Omotoso et al, 
has shown that Moringa oleifera could prevent nicotine-induced 
cerebellar injury in Wistar rats (17 ) .

Morphine is known as an opioid pain reliever drug, which acts 
as a mu opioid receptor signaling agonist. Several studies on mor-
phine show different roles of this substance in the cellular cycle, 
protection, and proliferation. Although some studies showed that 
morphine could cause apoptosis in immune, cancer, neuroblas-
toma, and nerve cells, some studies showed the opposite function 
of this substance in astrocytes that protects these cells against 
apoptosis (18  – 22). These opposite effects indicate an unclear mor-
phine function in carcinogenesis. Therefore, morphine is a suitable 
candidate for further investigation in the carcinogenic process.

Beca use the most important function of morphine is in neurons 
and cancer cells, in this study, the effect of low concentration of 
morphine in the presence of high-dose nicotine was evaluated on 
PC12, the cell line of rat pheochromocytoma that was derived from 
the adrenal medulla (23) .  High-dose nicotine causes cell death in 
these cell lines, so in this study we aimed to measure parameters 
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such as:  cell viability, cell cytotoxicity, DNA fragmentation, mi-
tochondrial and intracellular Ca2+ concentration, (.OH) generation 
and mitochondrial membrane potential to the investigation of pos-
sible morphine role in suppressing the effects of nicotine-induced 
death on PC12 cell line. 

Materias and methods 

Cell culture 
PC12 cell were grown in T-25 cm2 tissue culture fl asks by 

DMEM culture medium (Gibco). Additional supplementary com-
pounds  were added to the cell cultures such as: 10 % fetal bo-
vine serum (FBS, Gibco), 1 % non-essential amino acid (NEAA, 
Sigma), 2mM L-glutamine (Sigma), 100 IU/ml penicillin (Sigma), 
and 100μg/ml streptomycin (Sigma) at 37 ºC in 5 % CO2 Medium, 
once every two days. 

Cell treatment  
A day after the cell cultivation, we used PBS, pH 7.4 for wash-

ing. Next seven treatments were selected including; control: culture 
medium, Treatment 1:  1mM nicotine, Treatment 2: 1mM nicotine 
and 1pM morphine, Treatment 3: 1mM nicotine and 10pM mor-
phine, Treatment 4: 1mM nicotine and 100pnM morphine, Treat-
ment 5: 1mM nicotine and 1nM morphine, Treatment 6: 1mM 
nicotine and 10nM morphine, and Treatment 7: 1mM nicotine and 
100nM morphine. In the following, the cells were incubated at 37 
°C with 5 % CO2 and were cultured in DMEM culture medium 
containing 0.2 % BSA.

Cell viability (%) measurement (MTT assay) 
For cell viability quantifi cation, MTT assay was performed as 

shown below: at fi rst 15×103 cells were cultured to a 96-well cell 
culture plates with different treatments media for 24 hours. Next 
, we added 5 mg/mL of MTT solution to each well by incubation 
for 3 hours. The supernatant from each well was removed again 
and 100 μL of dimethyl sulfoxide (Sigma) was added at room 
temperature for 30 min. For measurement of the optical density 
of each well, we used an enzyme-linked immunosorbent assay 
(ELISA) reader at 570 and 630 nm.

Cell cytotoxicity measurement
Next, we measured cell cytotoxicity by LDH Cytoxicity De-

tection Kit (Roche, Germany). Further, 1×104 cells/mL densities 
for 12h were plated in 24 well culture plates, then the cells were 
cultured by different treatment media for 24 h. LDH activity’s col-
orimetery was measured by calculation of samples absorbance at 
490 or 492 nm using an ELISA Reader (EL800; USA). 

Caspase-3 assay
PC12 cells were cultured in the different treatment media. In 

this study, the caspase-3 activity of lysates from treated cells was 
measured, using a plate reader, according to the caspase activity 
colorimetric assay kit (Bio-techne) manufacturer’s protocol. We 
repeated each of the experiments twice and the results were col-
lected from two separate experiments

Detection of mitochondrial membrane potential (MMP)
Rhodamine 123 is a cell permeable cationic fl uorescence probe 

and was used for MMP measurement. For quantitative analysis, 
PC12 cells, 2×10 4 cells/well, were cultured and treated in differ-
ent treatment media, and incubated for 30 min in the 37 °C dark 
place by 1 μM rhodamine 123. In the following, the absorbance of 
samples at 488 excitation and 525nm emission was measured by 
an ELISA Reader for calculating the cells absorbance. The refer-
ences wavelength was longer than 630 nm. 

Quantifi cation of apoptosis incidence
At fi rst, we fi xed all the cells in this study by 4 % w/v para-

formaldehyde in PBS, pH = 7.4 for 10 min at room temperature. 
Next, we used TUNEL (Terminal Uridine deoxynucleotidyl trans-
ferase dUTP Nick End Labeling) staining for identifi cation of the 
apoptotic cells. In this regard we worked by an in situ cell death 
detection kit (Roche) on the base of manufacturer’s protocol. TU-
NEL positive cells were counted under a fl uorescent microscope 
(Olympus AX-70), in eight randomly selected fi elds from each 
culture. Apoptotic incidence refers to the ratio of apoptotic cells 
to the total cells.

Measurement of (Ca2+) ic and (Ca2+) m
In this study, we measured the intracellular (Ca2+) ic and mi-

tochondrial (Ca2+) m calcium concentration on the base of previ-
ous studies (24). The excitation wavelength was altered between 
340 and 380 nm, and the emission fl uorescence was recorded at 
510 nm. 

(Ca2+) ic concentrations were calculated using the equation 
described by Grynkiewicz (25). Relative mit o chondrial (Ca2+) m 
was measured with the fl uorescent probe rhod 2-AM following 
methods described in articles (26).

Measurement   of antioxidant enzyme activities
Antioxidant enzyme activities and protein damage assay were 

calculated on the base of previous studies (27). Fluorescence 
(Ex. 490 nm and Em. 525 nm) was visualized using a fl uores-
cence microscope.

Results 

Cell culture
Cell viability (%)

24h after the exposure of different concentrations of morphine 
and high-concentration of nicotine, the cell viability was measured 
by MTT assay. As shown in Figure 1, control treatment showed 
us 99 % of cell viability. Cell viability was 0 % for treatment 1 
and all of the cells were dead. The results showed that the viabil-
ity of the cells in the 2–7 treatment media decreased compared to 
the control cells, signifi cantly (p < 0.05). Also, the cell viability 
increased in treatments 2–7 in comparison with the treatments 1 
(p < 0.05). The lowest and highest cell viability was for treatment 
1 and treatment 2, respectively (p < 0.05). The lowest and high-
est cell viability was for treatment 1 and treatment 2, respectively 
(Fig. 1) (p < 0.05).
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Cell cytotoxicity (%)
LDH assay was used for cell cytotoxicity measurement 24 h 

after exposure of different concentrations of morphine and nicotine. 
Although control treatment showed us 2 % of cell cytotoxicity as 
shown in Figure 2, cell cytotoxicity was 100 % for treatment 1 and 
all of the cells were dead.  The results showed that cytotoxicity 
of the cells in the 2–7 treatment media increased compared to the 
control cells, signifi cantly (p < 0.05). Also, the cell cytotoxicity 
decreased in treatments 2–7 in comparison with treatments 1 (p < 
0.05). The highest and lowest cell cytotoxicity was in treatment 1 
and treatment 2, respectively (Fig. 2) (p < 0.05).

Cell death index
After 24 h, the cell death index was measured by TUNEL assay. 

Control treatment showed us 1 % of the cell cytotoxicity in Figure 
3. In the case of treatment 1, cell cytotoxicity was 100 % and all 
of the cells were dead. The results showed that the cell deaths in 
the 2–7 treatment media increased compared to the  control cells, 
signifi cantly (p < 0.05). Also, cell death decreased in treatments 
2–7 in comparison with treatment 1 (Fig. 3) (p < 0.05).

Caspase-3 assay

Caspase-3 activation is a sign of apoptosis, which is eventually 
mediated by many caspases involved in this process. Furthermore, 
our results indicated that 2–7 treatments were increased in cas-
pase-3 activity, after 24 h, compared to the control treatment (p < 
0.05). The lowest caspase-3 activation was in control cells, which 
was lower than in other treatments (treatments 1–7) (p < 0.05). 
Caspase-3 activation in treatments 2–7 was lower compared to the 
treatment 1, signifi cantly (p < 0.05). As shown in Figure 4, 1 pM 
was the optimal concentration for inhibition of caspase-3 activa-
tion and as morphine concentration increased, caspase-3 activation 
inhibitory potential of morphine decreased (Fig. 4).

Mitochondrial membrane potential (Rhodamine-123 absorbance)
Usually, the occurrence of caspase-3 activating apoptosis leads 

to a change in the mitochondrial membrane potential (Δφm). Δφm 
changing of the cells exposed to different treatment media was 
measured by Rhodamine-123 staining and colorimetry assay at 
24 h after. Based on our results, RH-123 absorption in all of the 

Fig. 1. The effects of different treatments on the cell viability of PC12 
cells. All data represented as the mean ± SEM (p < 0.05).

Fig. 2. The effects of different treatments on the cell cytotoxicity on 
cells. All data represented as the mean ± SEM (p < 0.05).

Fig. 3. The effects of different treatments on the cell death on cells. All 
data represented as the mean ± SEM (p < 0.05).

Fig. 4. The effects of different treatments on the caspase-3 activity on 
cells. All data represented the mean ± SEM (p < 0.05).
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treatments after 24 h decreased in comparison to the control treat-
ment (p < 0.05). As shown in Figure 5, the RH-123 absorption in 
control cells was higher than in the other treatments (treatments 
1–7) (p < 0.05). RH-123 absorption in treatments 2–7 were higher 
in comparison with the treatment 1, signifi cantly (p < 0.05). Treat-
ment 1 and 2 RH-123 absorption were the lowest and the high-
est, respectively.

(Ca2+) ic and (Ca2+) m
Each treatment had a specifi c effect on (Ca2+) ic and (Ca2+) 

m concentrations in PC12 cells. In 2–7 treatments, the (Ca2+) ic 
were increased compared to the control group (p < 0.05) (Fig. 6). 
Then, after loading the cells with the mitochondrial Ca2+ indica-
tor, a microscope was used to follow up the changes in (Ca2+) m 
concentrations. A signifi cant decrease in (Ca2+) m concentration 
in 2–7 treatments compared to the treatment 1 was observed. 
Highest and lowest (Ca2+) ic concentrations were treatment 1 
and treatment 2, respectively. Also, the highest and lowest (Ca2+) 
m concentration were treatment 1 treatment 2, respectively
(Fig. 6).

Measurement of antioxidant enzyme activities
Each treatment had a specifi c effect on ROS (.OH) generation 

in PC12 cells. It is obvious that the overload of ic and mi Ca2+ 
enhances the cytochrome c release in the ROS pathway. It is well 
shown that the events convert in treatments 2–7 compared to the 
treatment 1, signifi cantly.  In 2–7 treatments, the (.OH) genera-
tion was increased compared to the control cells (p < 0.05). In 2–7 
treatments, the (.OH) generation was decreased compared to the 
treatment 1 (p < 0.05). The highest and lowest (.OH) generation 
occurred in treatment 1 and treatment 2, respectively.

Disscussion

This study investigated the effect of morphine on nicotine-
induced cell death. Some previous studies  suggested that nicotine 

Fig. 5. The effects of different treatments on the Mitochondrial mem-
brane potential (Rhodamine-123 absorbance) in treated PC12 cells. 
All data represented as the mean ± SEM (p < 0.05).

Fig. 6. Determination of (Ca2+) m (A) and (Ca2+) ic (B) in different 
treated cells. All data represented as the mean ± SEM (p < 0.05).

A

B

could induce oxidative stress, and also that it could increase the 
expressions of P53 and P21, which indicates the apoptotic role 
of this substance (28,   29). However, some other studies showed 
that nicotine increased the ability of angiogenesis in cancer cells, 
and caused cancer progression by reducing the apoptosis (30,   31). 
These contradictions may be due to differences in computational 

Fig. 7. The antioxidants and reduced agents of endogenous reactive 
oxygen species (ROS) production in treated cells. All data represented 
as the mean ± SEM (p < 0.05).
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methods. Perhaps nicotine also has opposite effects in different 
doses. However, nicotine might have a disruptive effect on neuron 
cell cultures in high concentration, on the other hand, as shown 
in our experiments, nicotine at low concentration decreased cell 
cytotoxicity, intracellular and mitochondria Ca2+ concentration 
and eventually caspase-3 activity.

Nicotine-induced an increase in oxidative stress generation, 
cell cytotoxicity, caspase-3 activity, intracellular and mitochon-
drial Ca2+, rhodamine 123 absorption and amount of Tunel positive 
cells, also induced a decrement in cell viability and mitochondrial 
membrane potential, in a dose-depended manner. After treatment 
of the cell culture with morphine, it was obvious that morphine 
can reduce the apoptotic effects of nicotine in the PC12 cell line, 
which indicated the anti-apoptotic effects of morphine in a dose-
dependent manner.

Chang Seong Kim et al. investigation of nicotine effects in Hu-
man proximal tubular epithelial (HK-2) cells revealed that nicotine 
induced oxidative stress, which enhanced the Erk and JNK signal-
ing pathways phosphorylation and led to the nuclear translocation 
of the NF-κB p65 subunit. Nicotine increased the Bax/Bcl-2 ratio 
and facilitated the apoptosis. They also suggested that arresting in 
the G2/M phase of the cell cycle in the HK-2 cells may be due to 
the presence of nicotine (32). 

 In-vivo experimental model studies showed that an increased 
oxidative stress induced by nicotine caused the progression of 
diabetic nephropathy and chronic kidney disease (33,  3 4). Extra 
oxidative stress produced by ROS generation up-regulates the 
extracellular MAPK pathway, which activates the IκB kinase 
complex that regulates NF-κB. The release of the NF-κB from 
IκBα, makes it move to the nucleus. Above events stimulate the 
transcription of many proteins that are important for infl amma-
tion, apoptosis, and cell proliferation (35). Cons i stent with these 
observations, our in vitro experiments demonstrated that the oxi-
dative stress generation due to nicotine treatment was reduced by 
the low concentrations of morphine.

Moreover, our results indicate that rhodamine123 decreased 
in nicotine-treated of PC12 cells, in a dose-depended manner. 
Thus, morphine can increase the rhodamine 123 absorption by 
the optimal concentration of 1 pM. Rhodamine 123 measures 
the mitochondrial membrane potential (ΔΨmit) and is therefore 
suitable for demonstrating the sensitive parameters that interpret 
the effi cacy of mitochondrial bioenergetics activity (36–39). 
The    reduction of mitochondrial membrane potential indicates 
an increased mitochondrial permeability, which results in the 
release of caspase and nuclease activating proteins and plays a 
major role in the development of apoptosis. Therefore, a reduc-
tion of rhodamine 123 represents an increase in cell apoptosis 
(40, 41) The   results of rhodamine 123 measurement showed that 
morphine inhibited the nicotine-induced apoptosis in a dose-
dependent way. 

According to the previous studies, morphine in the caspase-
3-dependent pathway induced apoptosis in microglial cells and 
neurons in the cultures. However, new studies showed that the 
chronic use of morphine negatively regulates the pre-apoptotic 
factor Bax in human cultures and rat neurons and by deactivation 

of caspase-3 and Bad, Fas and FasL as pre-apoptotic factors, can 
protect the cells from death. Meanwhile, the results of Caspase-3 
activity measurements reported the highest amount of protective 
effect of morphine at 1 pM, which confi rmed the results of rho-
damine 123 measurements (42, 43). 

M o rphine plays an important role in protecting against intra-
cellular oxidative stress and infl ammation in the neuroblastoma 
cell line, peroxynitrite-induced apoptosis in rat infant astrocytes, 
beta-amyloid toxicity in human neuroblastoma cells (HTB-11) 
and neurotoxicity of Lipopolysaccharide or 1-methyl-4-phenyl-
pyridinium induced dopaminergic neurotoxicity in rat neuron-
glial cultures and reduces the cell death induced by ischemia in 
the hippocampal region (44) . Morph i ne also improves the growth 
of glomerular cells, breast tumors, and survival of CEMx174 cells 
by inhibiting P53 signaling (45, 46) Mor p hine protection against 
apoptosis induced by peroxynitrite in rat neonatal astrocytes is 
performed by Phosphoinositol kinase 3 (PI3K)  (47)  and al s o, the 
ubiquitin-proteasome complex is involved, reducing the number 
of oxidized proteins in neuronal protection caused by morphine 
(48). . Anot h er effect of morphine as an opioid is the regulation 
of ion channels in the cell membrane. It is obvious that all three 
opioid receptors are Ca2+-dependent (49).

Morphine, as a potent μ opioid, activates μ receptor and is one 
of the most commonly used drugs for the treatment of chronic 
pain. Long-term use of this drug leads to physical dependence 
(50) .  . Studies showed that an acute morphine treatment resulted 
in rapid ERK phosphorylation in human neuroblastoma SK-N-SH 
and SH-SY5Y cells in a short time (several minutes). However, in 
the long-term use of morphine (3 days), the level of phosphoryla-
tion of Erk in SH-SY5Y cells decreases. These fi ndings suggest 
that ERK-dependent morphine regulate the activation of various 
neural and non-neuronal cells (51–  5 4).

N-methyl-d-aspartic acid (NMDA) receptor, as a glutamate 
ionotropic receptor, have an important role in calcium accumula-
tion, which leads to cell death cascade activation (55)   Nicotine, 
in a dose-dependent manner, can activate this receptor and guide 
the cells to die. On the other hand, it can increase calcium en-
trance through the G protein-coupled receptor (GCPR). In this 
way, PIP2 in the cell membrane divides to IP3 and DAG. DAG 
inhibits the PKA and activates the PKC. Accumulation of Ca2+ in 
this way activates the Erk and Erk/Ark pathways, which are the 
most important in apoptosis (56–  5 9). 

Conclusion

Our results showed that morphine at low concentration could 
reduce Ca2+ accumulation. It may be due to inactivation of NMDA 
receptors and GPCRs. These events lead to DAG decrement and 
PKA activation. PKA inhibits the Erk and Erk/Ark pathways. Also, 
morphine can protect the cells from nicotine-induced cell death in 
PC12 cells. Finally, our results revealed that morphine decreased 
the DNA fragmentation, which occurred through nicotine-induced 
apoptosis in PC12 cells.
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