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Abstract 
 
Objective(s) 
Previous studies have demonstrated that the nitric oxide (NO) dependent death of murine peritoneal 
macrophages activated in vitro with IFN-γ and LPS is mediated through apoptosis. In the present study, we 
investigated the synergistic effect of LPS, IFN-γ and iron on NO production and apoptosis. 
Materials and Methods 
After determination of iron cytotoxicity, the peritoneal macrophages of Balb/c mice were cultured with iron, 
LPS, and IFN-γ separately, or a mixture of these for 18 hr at 37 ◦C. Then after 18 hr incubation, the level of NO 
in supernatant was measured by the Griess method. At the same time, after incubation with ethidium bromide 
and acridine orange dye, the apoptotic macrophages were detected by fluorescence microscopy.  
Results 
NO production was significantly greater than the control group in macrophages exposed to iron, LPS, or IFN-γ
alone (P=0.02), while no significant difference was detected in apoptosis rate in the presence of LPS (P=0.08). 
However, the differences were remarkable between NO production and apoptosis rate in the presence of iron, 
LPS and IFN-γ (P≤0.05). 
Conclusion 
These findings indicate the immunostimulatory effect of iron on NO production by IFN-γ and LPS.  
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Introduction 
Nitric oxide (NO) is a messenger molecule with 
complex biological activities including 
vasodilatation, neurotransmission, 
immunoregulation, and inflammation (1). NO 
is synthesized enzymatically from L-arginine 
by at least three different Nitric Oxide 
Synthases (NOSs) The endothelial and the 
neuronal isoforms are constitutively expressed 
and released relatively low level of NO, while 
the third isoform, inducible NOS (iNOS, 
NOSII), has to be induced with stimuli that 
include lipopolysaccharide (LPS) and 
cytokines (2). Once expressed, NOSII 
synthesizes large amount of NO, which can 
lead to the inhibition of T-cell proliferation, 
has tumoricidal activity, suppresses the cellular 
protein synthesis, and lead to oxidative 
damage and apoptosis (1). 

NO generated from the NO donor, or 
synthesized by NOS, induces cell death via 
apoptosis in a variety of different cell types. 
These include macrophages (3), dendritic cells 
(4), thymocytes (5), pancreatic islets (6), 
certain neurons (7), tumor cells (8), and mast 
cells (9). The factors affecting cell-specific 
sensivity to NO-mediated apoptosis can be 
associated with the redox state within the cells, 
activation of the apoptotic signaling cascade 
(such as caspases), the mitochondrial 
cytochrome c release, or regulation of cell 
survival and apoptotic gene expression (10). 

 A number of studies have also described the 
complex relationships between iron and NO. 
Iron modulates immune effector mechanisms, 
such as cytokine activity (IFN-gamma effector 
pathway towards macrophages), nitric oxide 
formation or immune cell proliferation, and 
thus hosts immune surveillance (11). In other 
experiments have been demonstrated that some 
forms of iron such as ferric nitrilotriacetic acid 
(Fe- NTA) are very toxic to renal proximal 
tubules due to free radical injury by increased 
NO production (12). Moreover, NO-dependent 
death of murine peritoneal macrophages 
activated in vitro with IFN-γ and LPS is 
mediated through apoptosis (4). Hence, we 
investigated the synergistic effect of LPS,  

IFN-γ and iron on apoptosis of macrophages of 
Balb/c mice following NO production in vitro.

Materials and Methods 
Reagents 
All chemicals obtained from Sigma Chemical 
Co. (St Louis, USA), unless otherwise 
indicated. Sterile tissue culture plasticwares 
purchased from NUNC (Roskilde, Denmark). 
 
Iron cytotoxicity analysis  
The murine peritoneal cells harvested from 
five of 6-8 weeks inbred female Balb/c mice 
without elicitation. The cells were washed, 
resuspended in complete culture medium 
(RPMI 1640 medium supplemented with 10% 
heat-inactivated fetal calf serum (FCS),        
100 µg/ml streptomycin and 100 IU/ml 
penicillin) and plated in 96-well (1×105

cell/100 µl) culture plates in triplicates. 
To analyze iron cytotoxicity, after 2 hr of 

incubation, nonadherent cells removed by 
extensive washing. The adherent cells then 
cultured with 100, 150, 200, 250, 300, 350 and 
400 µM of iron at 37 ◦C in a humidified 
atmosphere with 5% CO2. After 1, 2 and 3 hr 
of incubation, the percentage of cell death 
determined by using trypan blue in the 
detached cells. This study approved by the 
Institutional Review Board (IRB) and the 
animal use protocol authorized by the 
Institutional animal care of Tarbiat Modares 
University. 

 
Cell treatments 
The harvested macrophages, as described 
previously, plated in 6-well (2×106 cell/2 ml) 
culture plates (for fluorescence microscopy 
investigation). After 2 hr incubation, 
nonadherent cells removed by extensive 
washing. The adherent cells then cultured with 
or without iron (250 µM), LPS and IFN-γ
(20 ng/ml). After being cultured for 18 hr, the 
supernatants harvested for nitrite analysis and 
adherent cells prepared for fluorescence 
microscopy study.  
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Measurement of nitrite production 
Cell-free culture fluids obtained by 
centrifugation and assayed for the stable end 
product of NO, nitrite, using the Griess 
method, as described else where. Briefly, in a 
96-well plate, 100 µl of each supernatant in 
triplicate wells incubated with an equal volume 
of Griess reagent (1% sulfanilamide in 5% 
phosphoric acid/0.1% naphtylene–diamine 
hydrochloride) at room temperature for 10 
min. Plates placed in an ELISA reader 
(Multiskan MS, England), at 540 nm. NaNO2
in RPMI used to construct a standard curve for 
each plate reading (13, 14). 

 
Fluorescence microscopy study of cell death 
(apoptosis) 
To study cell death and morphological changes in 
the nucleus, we used a dye exclusion method in 
which viable (intact plasma membrane) and dead 
(damage plasma membrane) cells can be 
visualized by fluorescence microscopy 
(Axiophot, Zeiss, Germany)  after staining with 
two DNA-fluorochromes (fluorescent DNA-
binding dyes): ethidium bromide and acridine 
orange. Ethidium bromide does not penetrate the  

plasma membrane in viable cells and stains 
only the non-viable cells, but acridine orange 
penetrates the plasma membrane without 
permeabilisation and stains viable and        
non-viable cells. Apoptotic cells were 
identified by their morphologic features, such 
as nuclear fragmentation and chromatin 
condensation. Fluorescence microscopy with 
differential uptake of fluorescent DNA binding 
dyes was a method of choice for its simplicity, 
rapidity and accuracy. 

 
Statistical analysis 
Data analyzed by one-way analysis of variance 
(ANOVA) and unpaired student's t-test to 
determine differences between each group. 
Differences considered statistically significant 
when P<0.05. 

 
Results 
Kinetics of iron cytotoxicity 
After incubation for 1, 2 and 3 hr, a gradual 
increase in the percentage of cell death 
observed. Based on these results, 250 µM of
iron defined as an optimal concentration in the 
following experiments (P=0.0001) (Figure 1).  

 

Figure 1. Effect of different concentrations of iron on cell death in murine peritoneal macrophages. Data are 
mean±SEM of triplicate experiments. 
Effect of IFN-γ, LPS and Iron on NO 
production 
There was a synergistic increase in the 
generation of NO when macrophages co-

incubated with IFN-γ/LPS and iron following 
incubation for 18 hr (P=0.02) (Table 1, Figure 
2). 

 

Table 1. Effect of administration of LPS, IFN-γ and iron on NO production and the percentage of apoptosis after 18 hr 
incubation. Values represent mean± SEM (n = 4). *, significant difference (P<0.05). 

Groups                                                                                        Nitrite (µM)                                 Apoptosis (%)  

Macrophage                                                                               33.09 ± 1.63                                          3.75 ± 0.75 
Macrophage + Iron                                                                    31.58 ± 0.21                                          6.75 ± 0.25   
Macrophage + LPS + Iron                                                        56.58 ± 0.21                                           6 ± 0.70
Macrophage + IFN-γ + Iron                                                     77.20 ± 3.48                                           9±0.40
Macrophage + LPS + IFN-γ 38.44±4.33                                              8.25 ± 1.18 
Macrophage + LPS + IFN-γ + Iron                                         102.56 ± 5.62                                          10.75 ± 1.18      
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Figure 2. Effect of IFN-γ, or LPS and iron on NO 
production in peritoneal macrophages. Isolated 
macrophages were stimulated with IFN-γ, or LPS (each 
at 20 ng/ml), and iron (250 µM) and the amount of 
nitrite in the medium which serves as a measure of NO 
was determined at 18 hr. Data are expressed as 
mean±SEM (n=4). * Statistically different from 
corresponding control values (P<0.05). 
 

Effect of IFN-γ, LPS and Iron on 
macrophage apoptosis 
To determine the effect of IFN-γ, LPS and iron 
on macrophage apoptosis, macrophages 
cultured in medium alone or medium 
supplemented with either IFN-γ, or LPS, also, 
a mixture of IFN-γ, LPS and iron. Following 
incubation for 18 hr, medium collected for NO 
assay and macrophages undergoing apoptosis 
identified by fluorescence microscopy. The 
pictures presented in Figures 4-6 exemplify the 
nuclear and cytoplasmic changes that detected 
in the cells undergoing apoptosis. In the 
presence of IFN-γ/LPS and Iron, the increase 
in NO production (measured in µM) 
contributed to increase in the percentage of 
apoptotic cells. As shown in Table 1 and  
Figure 3, a significant difference between the 
increase in NO production and the 
enhancement of apoptosis, following IFN-
γ/LPS and Iron co-stimulation could be 
observed (P<0.05). 
 

Figure 3. Apoptosis of macrophages exposed to IFN-γ,
or LPS, and iron, 18 hr post exposure. Values are 
expressed as mean±SEM (n=4). * Statistically different 
from corresponding control values (P<0.05). 

Figure 4. Viable and apoptotic macrophages in viable cell 
fluoresced green, whereas nuclear fragmentation are clearly 
seen in the apoptotic macrophage (arrow) (× 100). 
 

Figure 5. Apoptotic macrophage among two viable cells 
was identified by morphological features such as 
nuclear fragmentation (arrow) (× 100). 
 

Figure 6. Apoptotic macrophages with nuclear 
fragmentation with a viable cell (arrow) (×100). 

 
Discussion 
NO and its related molecules exert double-
edged effects on cell death, depending on its 
rate of production, redox state of the cells and 
cell types. NO activates the apoptotic signal 
cascade in some conditions, whereas it 
protects cells against spontaneous or induced 
apoptosis in other cases (10). In addition, iron 
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also, plays a critical role in macrophage-
mediated cytotoxicity by production of highly 
toxic hydroxyl radical and nitric oxide after 
activation by immunogenic stimuli, especially 
IFN-γ and LPS (15). 

Considering that LPS induces NO 
production and death induction of the murine 
peritoneal macrophages stimulated by LPS 
itself, it has been demonstrated that activated-
macrophages recovered from LPS stimulated 
cultures, exhibited an intermediate NO 
resistance. The resistance to NO-induced 
apoptosis could result from up-regulation of 
key sets of auto-protective intracellular        
redox buffering systems such as glutathione, 
glutathione peroxidase, occurring 
simultaneously with modulation of expression 
of apoptotic molecules of the Bcl2-Bcl-
XL/Bax-Bad family (16).   

Moreover, treatment with IFN-γ in 
combination with iron were enhanced NO 
production and rate of apoptosis that might be 
attributed to the effect of IFN-γ. It has been 
reported that the IFN-γ induced increases of 
FasL expression and down-regulated Bcl-2 
expression in Neospora caninum-infected cells 
are associated with apoptosis in vitro (17).  

We found that there was an increase in NO 
production when macrophages were co-
incubated with IFN-γ/LPS, together with iron 
compared with control cells. In contrast, we 
did not observe any significant increase in NO 
production following incubation of 
macrophages with either IFN-γ/LPS without 
the addition of iron. This suggests the NO-
independent mechanisms of macrophages 
activated in vitro with IFN-γ/LPS, including 
competitive effects of LPS and IFN-γ on
modulation of expression of anti-apoptotic 
molecules of Bcl-2 family should be 
evaluated. Further studies are therefore 
required to clarify this relationship.    

 Cytokines such as TNF-α and IFN-γ can 
make cells more susceptible to apoptosis but 
are insufficient to induce apoptosis (18). 
However, it has been reported that IFN-γ
enhances the sensitivity of many cell types, 
such as colon carcinoma cells, human T cells, 
hepatocytes and the U937 leukemia cell line 

(19). The iNOS induction in macrophage cells 
by IFN-γ/LPS induces nitrosative stress by 
increasing the formation of S-nitrosylated 
proteins, which is a critical factor for the NO-
mediated apoptotic cell death (2). We thus 
believe that the iron is required for generation 
of high No level in response to LPS and IFN-γ,
hence making macrophages susceptible to 
undergo apoptosis. 

In the present study, there was a significant 
difference between NO level and apoptosis 
rate in the presence of LPS and iron. This is 
likely to be NO affinity to iron decreases 
intracellular iron and ferric level, induced 
apoptotic cell death after incubation with LPS. 

Some studies have reported that LPS can 
cause apoptosis through the NO production or 
more reactive peroxynitrite (4, 21), a potent 
oxidant that causes direct cellular injury and 
induces apoptosis (20). Kim et al. have 
recently suggested that non hem-iron content 
determined whether cytotoxic level of NO 
resulted in apoptosis in hepatic cells (1). The 
cytotoxicity of NO appears to result from the 
simultaneous production of NO and 
superoxide leading to formation of 
peroxynitrite. The major apoptotic pathway of 
NO may be associated with cytochrome C 
release through activation of JNK/SAPK, 
increases in the Ratio of pro-apoptotic Bax to 
anti-apoptotic Bcl-xl by the overexpression of 
p53, or the activation  of caspase through 
mitochondrial cytochrome C release (2, 10, 
21). NO also, suppresses the DNA-binding 
activity of NF-Kβ. It can then downregulate 
the expression of antiapoptotic genes, such as 
superoxide dismutase, TRAF1, TRAF2,         
c-AIP1, and c-AIP2 (2).  

 Iron or iron-induced oxidative stress have 
also been found to activate cell signaling 
cascades triggering apoptosis of hepatocytes 
via NF-Kβ and AP-1 dependent on gene 
products (22, 23). It has also, been recognized 
that induction of apoptosis occurs through poly 
(ADP-ribose) polymerase and some heat shock 
proteins (24). However, the upregulation of 
heme oxygenase (HO-1) and increased 
production of superoxides when exposed to 
LPS may play a role in response (25). 
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The addition of IFN-γ and iron did not 
induce apoptosis, although they partially lead 
to NO production. It may be attributable to 
limiting the availability of iron, because of 
decreased of expression of transferrin receptor 
and iron uptake (15). Other possibility is that 
the level of iron within the cell and the 
presence of molecular oxygen were 
insufficient for nitrosylation of caspases by 
NO (21). 

 
Conclusion 
The present study indicates that the apoptosis 

pathways elicited IFN-γ and LPS in peritoneal 
macrophages involve modification of cellular 
iron homeostasis through NO-dependent 
mechanisms. Then the iron can increase 
synergistically induction of apoptosis through 
IFN-γ/LPS-induced NOS2 expression. 
Furthermore, IFN-γ/LPS and iron not only 
increase NO production but can also lead to an 
increase in apoptosis.   
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