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Effects of Formaldehyde Inhalation on Lung of Rats1 
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Objective  To analyze protein changes in the lung of Wistar rats exposed to gaseous formaldehyde (FA) at 32-37 mg/m3 
for 4 h/day for 15 days using proteomics technique.  Methods  Lung samples were solubilized and separated by 
two-dimensional electrophoresis (2-DE), and gel patterns were scanned and analyzed for detection of differently expressed 
protein spots. These protein spots were identified by MALDI-TOF-MS and NCBInr protein database searching.  Results  
Four proteins were altered significantly in 32-37 mg/m3 FA group, with 3 proteins up-regulated, 1 protein down-regulated. The 
4 proteins were identified as aldose reductase, LIM protein, glyceraldehyde-3-phosphate dehydrogenase, and chloride 
intracellular channel 3.  Conclusion  The four proteins are related to cell proliferation induced by FA and defense reaction of 
anti-oxidation. Proteomics is a powerful tool in research of environmental health, and has prospects in search for protein 
markers for disease diagnosis and monitoring. 
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INTRODUCTION 

Formaldehyde (FA) is a ubiquitous chemical 
found in garments, food, indoor air, gasoline and 
diesel exhausts, etc. It belongs to volatile organic 
chemicals with a boiling point at -19℃ and is easy to 
volatilize at indoor temperature. Therefore gaseous 
FA is more dangerous to health compared with liquid 
FA. Its critical effects on health include sensory 
irritation, allergenic reaction and a variety of 
genotoxic actions[1-3]. Long-term inhalation experi- 
ments in rats have confirmed that FA is a nasal 
carcinogen[4]. FA is classified as a “probable human 
carcinogen”. The US Environmental Protection 
Agency (EPA) identifies it as a class 2A carcinogen. 
At present, the toxic effects of FA are clear, however, 
the underlying mechanism is little understood. We 
speculated that protein molecules were involved in 
harmful effects of FA, and used proteomics technique 
to explore the toxicity mechanism of FA and to find 
indicative protein markers for its toxicity. 

Along with the successful completion of the 
human genome project (HGP) on April 14, 2003[5] 
and the comimg of post genomic era, proteomics has 
become an important area of research in life science. 
Coined by Wilkins and Williams in 1995, the word 

“proteome” indicates “the entire proteins expressed 
by a genome”[6]. The concept of “functional 
proteome” is a basis of proteome study[7]. At present, 
researches concerning FA are mainly focused on 
environment monitoring, epidemiological investiga- 
tion and DNA damage at molecular level, while 
studies at proteome level have not been reported.  

Respiratory system is the major target of FA. It 
was reported that after rats inhale FA, the volume of 
FA is higher in the lung than in the blood, brain, liver 
and kidney[8]. Much attention to the effects of FA is 
paid on the upper airway, in particular the nose, much 
less concern is focused on the pulmonary toxicity. 
Ohtsuka et al.[9] reported that after F344 rats inhale 
20-27 mg/m3 FA for 3 h per day for 10 days, changes 
such as degeneration, necrosis, stratification, and 
squamous metaplasia are observed in bronchi of the 
lungs. Roemer et al.[10] reported that exposures to FA 
at 2.7, 8.0, 26.8 mg/m3 by inhalation for 6 h per day 
for one or three consecutive days could induce lung 
cell proliferation of rats, which has a carcinogenic 
potential. The aim of this study was to apply the 
method of proteomics to analyze protein changes of 
lung of rats in response to FA inhalation. Firstly, the 
2-DE patterns of lung tissues were obtained by the 
2-DE technology. Secondly, protein spots expressed 
differently in FA treatment group and control group 
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were examined and statistically analyzed. Finally, 
these protein spots were isolated and identified by 
matrix-assisted laser-desorption ionization time of 
flight mass spectrometry (MALDI-TOF-MS) and 
database searching. Through these studies, we could 
get insights into the mechanism and function of 
protein alteration in rat lung induced by FA exposure 
and find protein markers indicative of early disease, 
and pave the way for proteome study of environm- 
ental pollutions.  

MATERIALS AND METHODS 

Reagents 

Ultrapure electrophoretic reagents were obtained 
from Amersham Pharmacia. CHAPS (3-[(3- 
cholamidopropyl)-dimethylammonio]-1-propanesulfo
nate), DTT (dithiothreitol) and trypsin were supplied 
by Amresco. PMSF (phenylmethyl-sulfonylfluorid) 
was purchased from Sigma. ACN (acetonitrile) and 
TFA (trifluoroacetic acid) were provided by Fluka. 
All other chemicals used were of analytical grade. 

Animals and Gaseous FA Exposure 

Six female Wistar rats weighing 100±5 g were 
obtained from the 2nd class animal house of Institute 
of Health and Environmental Medicine. Rats were 
randomly divided into exposure group (FA exposure) 
and control group (double distilled water exposure). 
Room temperature was controlled at 24±1℃. After 
liquid FA was volatilized (or double distilled water 
was vaporized spontaneously) in the bottle, the 
electron-time controlled gas-sample-pumper pumped 
the gas into the glass chamber (216 L). There was a 
micro-fan to mix the gas on top of the chamber. 
Z-300 detective instrument was used to determine the 
concentration of FA in the chamber. Inhalation 
exposure was carried through in dynamic mode. In 
exposure group gaseous FA concentration was 
controlled at 32-37 mg/m3. Rats were exposed to 
gaseous FA or water vapor for 4 h/day for 15 days. 
After 15 days experimental rats were fasted for 24 h 
and then sacrificed. Upper lobe of left lung was 
obtained immediately and preserved at -80℃. 

Sample Preparation  

Lung tissue was homogenized in 2 mL lysis 
buffer containing 8 mol·L urea, 4% CHAPS, 40 
mmol·L Tris, 65 mmol· L DTT and 1 mmol·L PMSF. 
The sample was centrifuged for 20 min at 12 000 rpm 
after being kept for 1 h at room temperature. Finally 
samples were stored in aliquots at -80℃. Protein 
determination was carried out according to Bradford.  

Two-dimensional Electrophoresis 

First dimension-isoelectric focusing of immobi- 
lized pH gradients    One milligram of protein 
sample, 7 µL of DTT(1 mol·L ) and 1.75 µL of IPG 
buffer (20 mol·L ) were solubilised in a rehydration 
solution containing 8 mol·L urea, 2% CHAPS, trace 
of bromophenol blue and the total volume was 350 
µL. This protein solution was pipetted into each strip 
holder. The 18 cm of IPG strip with a linear pH 
gradient between 3 and 10 was placed with the gel 
side down. The cover was placed on the strip holder 
after IPG cover fluid was applied. The strip holder 
was positioned on the IPGphorTM isoelectric focusing 
system (Amersham Pharmacia). Rehydration and 
isoelectric focusing (IEF) were carried out at 20℃. 
The current limit of per IPG strip was 50 µA. IEF 
was stopped up to a total amount of 70 100 V per h. 

Second dimension—SDS-PAGE of vertical slab   
After IEF, the strips were equilibrated in the 
equilibration solution containing 50 mmol·L Tris- 
HCl, 6 mol·L urea，30% glycerol, 2% SDS and 1% 
DTT for 15 min, and then in the same solution with 
2.5% iodoacetamide instead of 1% DTT for an 
additional 15 min.  

After equilibration, vertical second dimension 
separation was performed on 180 mm×180 mm×1 
mm and 13% homogeneous SDS-polyacrylamide 
gels. Therefore, the strips were placed on top of the 
gels and low molecular weight protein markers were 
next to one end of the IPG strips. The strips and 
markers were sealed using 0.5% agarose sealing 
solution. Electrophoresis buffer contained 25 mmol·L 
Tris base, 192 mmol·L glycine and 0.1% SDS. The 
temperature of circulation water was 16℃. Electrop- 
horesis parameter of a strip was 20 mA×40 min+30 
mA×5 h. Electrophoresis was stopped when the 
bromphenol blue front was 1 mm from bottom of the 
gel. Coomassie brilliant blue R-250 staining was 
adopted for the gels. 

Image Analysis 

Stained gels were scanned using an imagescanner, 
and images were processed using an ImageMaster2D 
Elite (Version 3.01) software. After spot detection 
and boundary average background subtraction, the 
gels were matched. For comparison, volumes of the 
protein spots were standardized. Differential analysis 
was performed according to the change of spot 
volume. Student’s t-test was used to analyse all the 
spots that differed significantly between the control 
and exposure groups (P<0.05).  
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In-gel Digestion and Protein Identification by 
MALDI-TOF-MS  

Protein spots were excised from 2-D gels, cut 
into 1 mm3 and destained by washing in 100 µL 
solution containing 50% ACN and 25 mmol·L 
ammonium bicarbonate. The samples were then dried 
in a centrifugal evaporator for 20 min. Five 
microliters of trypsin solution (0.01 µg/µL containing 
25 mmol·L ammonium bicarbonate) was added to the 
gel pieces and placed for 20 min at 4℃  before 
incubation overnight at 37℃. Peptides were extracted 
by the addition of 40 µL of 5% TFA and then by the 
addition of 40 µL of 2.5% TFA and 50% ACN. The 
two extraction volumes were incorporated and 
MALDI-TOF-MS was performed. 

Database Searching 

Peptide mass fingerprinting from MALDI- 
TOF-MS was used to search the NCBInr protein 
database using Mascot searching tool on MOWSE[11]. 
Searching was performed using missed cleavage site of 1 
and peptide mass tolerance of at most ±0.5 Da. Variable 
modifications were considered carbamidomethyl and/or 
oxidation. Taxonomy was rattus and protein scores 
greater than 57 were significant(P<0.05). 

RESULTS 

After separation of 1 mg protein sample, the 2-D 
patterns obtained are shown in Fig.1. About 700 
protein spots could be visualized in the range of pH 
3-10 and Mr 14400-94000, and their normalization 
volumes were compared statistically. Of these proteins, 
4 were significantly altered (P<0.05) and distribution 
of these spots in the gel is shown in Fig. 1b.  

 

FIG. 1. Comparison of the 2-DE protein patterns of 
control group (a) and FA-treatment group of 
32-37 mg/m3 (b). IEF was carried out in the 
range of pH 3-10 (linear) as the first 
dimension, and the second dimensional 
vertical SDS-PAGE concentration was 13% 
constant. Distribution of the spots altered 
significantly is indicated. 

The spot volumes of altered proteins are shown 
in Fig. 2. In comparison to control group, spots 1, 2, 
and 3 were up-regulated significantly, and only spot 4 
was down-regulated significantly in 32-37 mg/m3 
group (both P<0.05). 

 

 
FIG. 2. Difference in spot volumes between control 

group and FA-treated group. Bars, mean 
spot volume (n=3, P<0.05). 

Peptide mass fingerprints (PMFs) of the 
significantly altered proteins were obtained by 
MALDI-TOF-MS (Fig. 3, only protein spot 1 is 
shown as an example). By searching the NCBInr 
protein database, in conjunction with estimates of 
protein Mr and pI from the gel image, these protein 
spots were identified successfully (Table 1). Protein 
spot 1 was identified as aldose reductase, protein spot 
2 as LIM protein, and protein spot 3 as 
glyceraldehyde-3-phosphate dehydrogenase. These 
three proteins were significantly up-regulated at FA 
concentration of 32-37 mg/m3. Protein spot 4 
significantly down-regulated in 32-37 mg/m3 FA 
group was recognized by the computer software as 
chloride intracellular channel 3 (CLIC3). 

 
 

 
 
FIG. 3. Peptide mass fingerprinting of protein spot 1 

significantly up-regulated in 32-37 mg/m3 FA 
group (P<0.05). 
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TABLE 1 

Searching Results of Protein Spots 

Number Score Mr pI Protein 

1 66 35774 6.26 Aldose Reductase 

2 67 35503 6.56 LIM Protein 
3 66 35805 8.14 Glyceraldehyde-3-phosphate 

Dehydrogenase 
4 134 26760 5.61 Similar to Chloride 

Intracellular Channel 3 
 

DISCUSSION 

The expression of four proteins in rat lung tissue 
was altered after FA inhalation exposure. These 
proteins include a protein related to free radicals, a 
domain protein, a glycolytic protein and an ion 
channel protein. They could be implicated in the 
process of lung damage induced by FA or might have 
protected lung cells against damage.  

Aldose reductase (AR) is a member of the 
aldo-keto reductase superfamily. Srivastava et al.[12] 
found that AR could deoxidize 4-hydroxynonenal 
(HNE) and the glutathione adduct of HNE (HNE-GS), 
thus they considered that HNE and HNE-GS are the 
best natural substrates of aldose reductase known so 
far. HNE is one of the most abundant and toxic lipid 
aldehydes generated during the process of 
degradation of lipid peroxides. Rittener et al.[13] 
demonstrated that inhibition of AR increases 2-fold 
of HNE-GS adducts and 3-fold of the number of 
apoptotic cells, suggesting that AR is one of the 
important members involved in oxidative defense 
mechanism and has a tissue-protective function by 
eliminating lipid peroxidation products. Rats exposed 
to FA could produce oxidative stress because of the 
formation of reactive oxygen species (ROS) and the 
reduction of anti-oxidative ability[14-15]. Oxidative 
stress can initiate damage of lipid peroxidation. 
Therefore we consider that AR significantly 
up-regulated at the FA-concentration of 32-37 mg/m3 
can reduce oxidative damage of rat lung by oxidative 
stress. 

LIM (Lin-11, Isl-1 and Mec-3 gene) protein 
contains one or more LIM domains which are 
evolutionarily conserved double-zinc finger motifs. 
LIM protein is capable of interacting with many types 
of proteins including structural protein, kinase, and 
several classes of transcription factors. These 
interactions play important roles in a variety of 
fundamental biological processes including cell 
differentiation[16], organ development[17], oncoge- 
nesis[18-19] and cytoskeleton organization[20-21], etc. 
Because FA could cause cell proliferation in rat 

lung[10], and LIM protein exerts effect on oncogenesis, 
we consider the effect of LIM protein significantly 
up-regulated in 32-37 mg/m3 FA group might be 
associated with cell proliferation. 

Glyceraldehyde-3-phosphate dehydrogenase (G- 
APDH) is a classical glycolytic protein and closely 
related to energy production. It is also used as a 
model protein for analysis of protein structure and 
enzyme mechanisms. Recent evidence indicates that 
GAPDH has new, intriguing function including its 
role in DNA replication, DNA repair and 
endocytosis[22-23]. Some other investigations suggest 
that GAPDH is involved in apoptosis[24-25]. FA 
inhaled into rat lung is oxidized to formate mostly by 
formaldehyde dehydrogenase and excessive FA is 
oxidized to    and formate by cytosolic xanthine 
oxidase. Under normal conditions cytosolic xanthine 
oxidase exists in the form of xanthine dehydrogenase. 
Under particular conditions, e.g., the existence of a 
great deal of aldehydes, xanthine dehydrogenase can 
be changed into xanthine oxidase and oxidize 
aldehydes, producing.   There is a subsequent 
dismutation of   to H2O2, and the latter, in 
combination with Fe2+, can produce highly reactive 
hydroxyl radicals，resulting in oxidative damage to 
rat lung. Because GAPDH is significantly up-regula- 
ted in rat lung exposed to 32-37 mg/m3 FA, we 
speculate that GAPDH not only can improve energy 
supply but also may reduce xanthine oxidase from 
xanthine dehydrogenase, lower the production of 
ROS, alleviate oxidative damage of ROS to rat lung. 
Thereby we suggest that GAPDH can serve as an 
antioxidant defensive factor. 

Chloride intracellular channel 3 (CLIC3) has 
been found to interact with extracellular signal- 
regulated kinase 7(ERK7)[26]. CLIC3 is a novel 
protein that has significant homology to human 
CLIC1 (NCC27/CLIC1), CLIC2, and bovine kidney 

chloride channel p64. CLIC3 is localized primarily in 
nuclei and stimulates chloride ion channel activity. 
ERK7 is the newest member of the mitogen-activated 
protein (MAP) kinase family and can function as a 
negative regulator of cell growth. The specific 
association of CLIC3 with ERK7 suggests that 
CLIC3 may play a role in the regulation of cell 

growth. Therefore in our experiment after rats were 
exposed to 32-37 mg/m3 FA, significantly 
down-regulated CLIC3 could promote cell growth, 
which is consistent with the report that FA could lead 
to cell proliferation in rat lung[10]. 

Using a proteomics approach we separated and 
identified 4 distinct protein markers indicative of 
toxicity of FA in lung, and analyzed the functions of 
these proteins through literature review. However, to 
understand the precise toxic actions and the 
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underlying mechanisms of FA’s toxicity in lung, 
further studies on the structure and function of the 
proteins are needed. The potential toxicity of FA to 
humans is implied by these proteomics data but must 
be definitively evaluated by searching for protein 
markers in urine, plasma, etc. Equally important, 
results of this study show that proteomics is a 
powerful tool in the study of the toxic mechanisms of 
environmental pollutants at the level of whole protein, 
finding protein markers of toxicity effects of 
pollutants and application to human monitor, 
searching for diagnostic markers and therapy target in 
clinical setting. Although proteomics technique is 
imperfect, especially in resolution and reproducibility 
of 2-DE, its development is very rapid. With the 
startup of the International Human Proteome Project 
on December 15, 2003, this technique is deemed to 
attract much more attention and get improvement in 
the future.  
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