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Abstract. Peroxiredoxin 2 (Prx2), a member of the perox-
iredoxin family, regulates numerous cellular processes 
through intracellular oxidative signal transduction pathways. 
Formaldehyde (FA)-induced toxic damage involves reactive 
oxygen species (ROS) that trigger subsequent toxic effects and 
inflammatory responses. The present study aimed to inves-
tigate the role of Prx2 in the development of bone marrow 
toxicity caused by FA and the mechanism underlying FA 
toxicity. According to the results of the preliminary inves-
tigations, the mice were divided into four groups (n=6 per 
group). One group was exposed to ambient air and the other 
three groups were exposed to different concentrations of FA 
(20, 40, 80 mg/m3) for 15 days in the respective inhalation 
chambers, for 2 h a day. At the end of the 15-day experimental 
period, all of the mice were sacrificed and bone marrow cells 
were obtained. Cell samples were used for the determination 
of pathology, glutathione peroxidase (GSH-Px) activity and 
myeloperoxidase (MPO) activity and protein expression; as 
well as for the determination of DNA damage and Prx2 expres-
sion. The results revealed an evident pathological change in 
the FA-treated groups, as compared with the controls. In the 
FA treatment group GSH-Px activity was decreased, while 
MPO activity and protein expression were increased. The rate 
of micronucleus and DNA damage in the FA-treated groups 
was also increased and was significantly different compared 
with the control, while the expression of Prx2 was decreased. 
The present study suggested that at certain concentrations, FA 
had a toxic effect on bone marrow cells and that changes in the 
Prx2 expression are involved in this process.

Introduction

Formaldehyde (FA) is an environmental agent commonly 
found in numerous products, including paint, cloth and 
exhaust gas, as well as other medicinal and industrial products. 
FA exposure has raised significant concerns due to mounting 
evidence suggesting its carcinogenic potential and severe 
effects on human health  (1). Epidemiological and experi-
mental data have demonstrated that FA may cause leukemia, 
particularly myeloid leukemia; however, the mechanism 
underlying this effect remains unclear (2-4). In the process 
of tumor formation, DNA damage may be the initiating 
factor (5), while myeloperoxidase (MPO) activity is associ-
ated with carcinogen metabolism, DNA repair inhibition and 
DNA damage (6-8). MPO is a specific neutrophil marker and 
is able to catalyze the generation of reactive oxygen species 
(ROS). ROS comprises a class of ubiquitous molecules that 
include superoxide anion (O2), hydrogen peroxide (H2O2), the 
hydroxyl radical (OH) and ROOH. When ROS formation and 
the levels of protective anti‑oxidants are unbalanced, excess 
ROS causes toxic effects and ultimately leads to pathological 
damage (9-10).

Oxidative stress is considered to be a critical mediator of 
damage induced by FA, as has been observed in a number of 
studies (11). Peroxiredoxins2 (Prx2), a member of the Prxs 
family, exhibits an important role in scavenging reactive oxygen 
species in the body and protecting cells from damage (12). A 
previous study identified that Prx2 deficiencies are associ-
ated with the onset of oxidative stress and are involved in the 
removal of H2O2 (13). Although toxicity studies of FA have 
been widely reported, few studies have examined the changes 
in Prx2 protein expression. Therefore, the present study aimed 
to examine the possible toxic mechanism induced by FA and 
investigate whether Prx2 is implicated in FA-induced bone 
marrow toxicity.

Materials and methods

Reagents. FA (36.5-38% in water, FW 30.03) was obtained 
from Beijing Jinhui Chemical Plant (Beijing, China). GSH-Px 
and MPO Assay kits were purchased from Nanjing Jiancheng 
Biotechnology Institute (Nanjing, China). The anti-MPO 
antibody was purchased from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA, USA). The anti-Prx2 antibody was purchased 
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from SAB (College Park, MD, USA). Agarose and ethidium 
bromide were purchased from Ameresco LLC (Solon, OH, 
USA). All reagents were of the highest purity commercially 
available.

Animals and treatment. Male ICR mice, weighing 13±1 g, 
were purchased from the Center for Experimental Animals of 
the Norman Bethune College of Jilin University, (Changchun, 
China; Animal Certificate no. SCXK-Ji 2007-0003) and 
maintained under standard housing conditions (tempera-
ture, 20~24˚C; relative humidity, 40~70%; light/dark cycle, 
12  h:12  h). Food and water were provided ad  libitum. In 
accordance with the principle of randomization, the mice were 
divided into four groups (n=6 per group). According to the 
results of the preliminary experiment, one group was exposed 
to ambient air and the other three groups were exposed to 
different concentrations of FA (20, 40, 80 mg/m3) for 15 days 
in the respective inhalation chambers, for 2  h a day. All 
animal experiments were treated according to the procedures 
evaluated and approved by the Ethical Committee of Norman 
Bethune Department of Medicine, Jilin University (Jilin, 
China). At the end of the 15-day experimental period, all of 
the mice were sacrificed by cervical dislocation and the bone 
marrow cells were obtained. A number of the bone marrow 
cells were used for the determination of pathology, glutathione 
peroxidase (GSH-Px) activity, and MPO activity and protein 
expression; others were used for the determination of DNA 
damage and the changes in Prx2 expression.

Histopathology of bone marrow. The sternums of mice were 
extracted once the mice had been sacrificed. The sections 
were fixed in 10% FA solution and dehydrated and embedded 
in paraffin. Finally 5-µm sections were cut and stained with 
hematoxylin‑eosin. The sections were observed under a BH-2 
light microscope (Olympus, Tokyo, Japan).

Determination of GSH-Px and MPO activity. The femurs 
were extracted, and the surrounding muscles and connective 
tissues were removed. The two ends of the femurs were cut 
and the bone marrow cells were washed out with 0.01 mol/l 
phosphate‑buffered saline using a 1 ml syringe. The bone 
marrow cells were filtered through 200 mesh nylon nets to 
obtain a single bone marrow cell suspension. GSH-Px and 
MPO activity was detected by MPO Activity Assay kits 
purchased from Nanjing Jiancheng Biotechnology Institute 
(Nanjing, China).

Determination of MPO and Prx2 protein expression by 
immunohistochemistry. The sternums of mice were removed. 
The bone marrow cells in the sternums were washed out and 
conventionally smeared. The slides were naturally dried and 
fixed with 10% formalin buffer solution for 15 min, naturally 
dried again and placed in a -20˚C freezer. Next, the expression 
of MPO and Prx2 proteins was detected by immunohisto-
chemistry. Finally, the bone marrow cells were observed under 
a light microscope. Cells with brown particles deposited on 
their membrane or nucleus were counted as positive cells and 
the rate of positive cells was calculated using the following 
formula: Rate of positive cells (%) = number of cells positive 
for MPO or Prx2 / total number of cells x 100.

Determination of micronuclei formation. First the sternums of 
the mice were removed, the bone marrow cells were washed 
out and then smeared onto the slides. Next, the slides were 
fixed and stained with a 1:9 Giemsa phosphate buffer for 
15 min. Excess dye was washed off and the slides were dried. 
The slides were observed under a light microscope and 1,000 
polychromatic erythrocytes from each mouse were counted.

Determination of DNA damage. Single cell gel electropho-
resis (SCGE) assay, also termed the comet assay was used 

Figure 1. Pathological changes of bone marrow following formaldehyde treatment in (A-D) distal and (E-H) central regions (x200). It was observed that the 
numbers of bone marrow cells in distal and central areas were decreased compared with the control and accompanied by sinus expansion.
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to determine the DNA damage of bone marrow cells  (14). 
Following staining by ethidium bromide (EB), the bone 
marrow cells were observed under a BX51 fluorescence 
microscope (Olympus). According to the level of damage, the 
DNA damage was divided into five grades, 0, Ⅰ, Ⅱ, Ⅲ and Ⅳ. 
The rate of DNA damage (%) = number of cells with damaged 
DNA/total number of cells x 100 (15).

Western blot analysis of Prx2 protein. After the single bone 
marrow cell suspension was established, the protein was 
extracted and measured. Next, 40 µg of protein was separated 
by 12% SDS‑PAGE and electro-transferred onto nitrocellulose 
membranes, blocked with western blotting analysis confining 
fluidⅡ (1X TBS containing 5% skimmed milk powder and 
0.1% Tween-20) for 2 h and incubated with primary polyclonal 
antibodies against β-actin at a dilution of 1:3,000 and against 
Prx2 at a dilution of 1:100 for 1 h at room temperature. The 
membrane was washed and the primary antibodies were incu-
bated for 40 min at room temperature with the appropriate 
horseradish peroxidase-conjugated secondary antibody. The 
bands were visualized using a Western Luminescent Detection 
kit (Beijing Vigorous Biotechnology Institute, Beijing, China) 
on X-ray film (Fusion FX7, Vilber Lourmat, Marne La Vallée, 
France).

Statistical analysis. Statistical analysis was performed by 
SPSS 14.0 statistical software (SPSS, Inc., Chicago, IL, USA). 
The difference between the control and FA-treated groups 
was tested by one-way analysis of variance and the DNA 
(measured by single cell gel electrophoresis assay) was tested 
by a χ2-test. P<0.05 was considered to indicate a statistically 
signficant difference.

Results

Bone marrow pathology. It was observed that the numbers of 
bone marrow cells in distal areas were decreased, particularly 
in the 40 and 80 mg/m3 FA-treated groups. In the central areas, 

Figure 2. Effects of formaldehyde on the GSH-Px activity of bone marrow 
cells. Data are expressed as the mean ± standard error. *P<0.05, compared 
with the control. GSH-Px, glutathione peroxidase

Figure 3. Effects of formaldehyde on MPO activity and protein expression in 
bone marrow cells. Data are expressed as the mean ± standard error. *P<0.05, 
compared with the control. MPO, myeloperoxidase.

Figure 4. Effects of formaldehyde on the rate of micronucleus formation of 
bone marrow cells. Data are expressed as the mean ± standard error. *P<0.05, 
compared with the control.

Figure 5. Effects of formaldehyde on Prx2 protein expression detected by 
immunohistochemistry in bone marrow cells. Data are expressed as the 
mean ± standard error. *P<0.05, compared with the control. Prx2, peroxire-
doxin2.

Figure 6. Western blot analysis was performed to study the expression changes 
of Prx2 protein in bone marrow cells of mice. The mice were divided into 
control and three formaldehyde-treated groups (20, 40, 80 mg/m3) for 15 days 
in an inhalation chamber, then the expression changes of Prx2 protein in bone 
marrow cells were measured. The protein expression gradually decreased as 
the formaldehyde concentration increased. Prx2, peroxiredoxin2. 
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the numbers of bone marrow cells were also decreased and 
were simultaneously accompanied by the sinus expansion. 
(Fig. 1).

Effects of FA on GSH-Px activity. Following FA exposure, the 
GSH-Px activity was significantly decreased, and there was 
a significant difference in the activty in the 40 and 80 mg/m3 
FA-treated groups compared with the control (P<0.05; Fig. 2).

Effects of FA on MPO activity and protein expression. 
MPO activity and protein expression were increased in a 

dose‑dependent manner compared with the control (P<0.05; 
Fig. 3).

Effects of FA on the rate of micronucleus formation. The 
reate of micronucleus formation in each FA-treated group was 
increased and the difference was significant compared with 
the control (P<0.05; Fig. 4).

Effects of FA on DNA damage. The DNA damage of 
bone marrow cells was detected by SCGE, in which the 
DNA-damaged cells had comet tails and were divided into five 

Figure 7. Expression of Prx2 protein in bone marrow cells treated with formaldehyde observed by immunohistochemistry. Brown cells are positive for Prx2 
expression (magnification, x200). Prx2, peroxiredoxin2. 

Table I. Effects of formaldehyde on the DNA damage in the bone marrow of mice.

 	 No. of cells with DNA damage
FA concentration	 -------------------------------------------------------------------------------------------------------------	 Damage rate
(mg/m3)	 0	 Ⅰ	 Ⅱ	 Ⅲ	 Ⅳ	 Total no.	 (%)

0	 95	 4	 1	 0	 0	 100	 5.00
20	 65	 6	 2	 0	 0	 73	 10.96
40	 78	 10	 3	 0	 0	 91	 14.29a

80	 76	 18	 3	 1	 0	 98	 22.45a

aP<0.05, compared with the control. FA, formaldehyde.



MOLECULAR MEDICINE REPORTS  10:  1915-1920,  2014 1919

grades according to the level of damage. The results demon-
strated that the DNA damage rate was enhanced as the FA 
concentration increased and there was a significant difference 
compared with the control (P<0.05; Table I).

Expression of Prx2 protein. The expression of Prx2 protein 
was detected by immunohistochemistry and western blotting 
(Figs. 5 and 6). The results demonstrated that Prx2 expression 
decreased as the FA concentration increased, and there was 
an evident difference in FA-treated groups compared with 
the control (P<0.05). As demonstrated in Fig. 7, the number 
of brown positive cells progressively decreased between the 
FA-treated and control groups.

Discussion

FA is an electrophilic agent. As an oxidant with weak radicals, 
it causes chemical processes similar to the Fenton reaction 
and produces strong oxidants, including the hydroxyl radical. 
Hydroxyl radicals combine with glutathione (GSH), an impor-
tant antioxidant in the body, to form thio‑hemiacetal. This 
process causes GSH depletion damaging the redox balance 
in the body and resulting in oxidative stress. The process of 
lipid peroxidation is a type of oxidative stress, which can cause 
cell dysfunction by producing a variety of free radicals and 
non‑radical products, particularly lipid free radicals. These 
lipid free radicals easily penetrate and diffuse into the nucleus, 
act on nucleic acids to induce DNA base modifications and 
strand breaks, and thus lead to cell mutations and cancer. 
Studies have demonstrated that MPO catalyzes the process of 
lipid peroxidation (16).

The present result demonstrated that a certain concentration 
of FA may decrease GSH-Px levels and increase MPO activity 
and protein expression. GSH-Px is a selenium‑containing 
protein, GSH is its main substrate and binding results in conver-
sion of harmful compounds into harmless hydroxyl compounds 
and water. Therefore, it is able to protect the structure and 
function of the cell membrane from damaging peroxide, and 
may effectively remove lipid peroxides from the body. MPO 
is an important heme‑containing enzyme released by Azure 
particles of neutrophils and catalyses the reaction between 
hydrogen peroxide and chlorine to produce hypochlorous acid. 
Therefore, it is important for the development of host defense 
and inflammation. In addition, MPO is also a functional sign 
and an activation marker of polymorphonuclear (PMN) leuko-
cytes, the change in MPO activity represents the function and 
activity status of PMNs. FA may cause GSH depletion and lead 
to lipid peroxidation. This process may trigger the activation of 
PMNs. When PMNs are activated, they are able to release MPO 
into the extracellular space or into phagosomes by degranula-
tion, which stimulates H2O2 to generate a series of ROS with 
broad biological effects at sites of inflammation. In addition, 
MPO may also pass activated signals from the cytoplasm to the 
nucleus by a cell-signaling pathway to induce the expression of 
inflammation‑related genes. The pathology results demonstrated 
that the number of bone marrow cells in the 40 and 80 mg/m3 
FA-treated groups were evidently decreased and accompanied 
by a sinus expansion. This suggested that FA was able to cause 
an inflammatory reaction in the bone marrow. MPO may there-
fore promote this process.

Increased lipid hydroperoxide production by FA may be 
associated with Prx2 activity. Prx2, a member of the peroxidase 
family, acts as a key scavenger of ROS. It is able to modulate 
cytokine-induced H2O2 levels, which have been demonstrated 
to mediate signaling cascades leading to cell proliferation, 
differentiation and apoptosis. In addition, it also has an impor-
tant role in peroxide detoxification in cells in cooperation with 
GSH-Px (17). In the present study, it was identified that the 
decrease in Prx2 expression was associated with the bone 
marrow toxicity induced by FA. The downregulation of Prx2 
increases oxidative stress (18), resulting in subsequent toxic 
effects and inflammatory responses. Consistent with these 
results, several other studies have observed that, among the 
six Prx isoforms, only Prx2 expression decreased in response 
to FA (19).

The present study also examined the effects of FA on DNA 
damage, using the micronucleus test and SCGE. The results 
suggested that certain concentrations of FA may cause chro-
mosome breakage and the formation of micronuclei during 
the process of cell division in vivo. One hypothesis is that 
FA interferes with spindle fiber function or exhibits a role in 
internal chromosomal bonding, which may cause chromosome 
breakage to form micronuclei. FA may also cause lipid peroxi-
dation to produce lipid free radicals. These lipid free radicals 
may act on nucleic acids to induce DNA base modifications 
and strand breaks, causing an increase in micronuclei. When 
detecting DNA damage using SCGE, it was identified that 
there was also an evident difference between the FA-treated 
groups and control groups.

In conclusion, the results suggest that certain concentra-
tions of FA may have toxic effects on bone marrow cells. 
Lipid peroxidation had an important effect and the MPO level 
promoted this process. It was also identified that decreased 
Prx2 expression was implicated as an important mechanism 
underlying FA-induced bone marrow toxicity.
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