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Melatonin attenuates phosgene-induced acute lung  
injury via the upregulation Wnt/β-catenin pathway 
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Abstract: The aim of this study was to assess the therapeutic effect of melatonin in phosgene induced acute lung 
injury (ALI) and to explore the related mechanisms. A rat model of phosgene induced ALI was established and the 
severity of the ALI was evaluated by wet/dry (W:D) ratio of lung weight, bronchoalveolar lavage (BAL) fluid cell counts 
and inflammatory cytokines. The rats were administrated with elatonin (MT), ulinastatin (UTI), p38 inhibitor and 
NF-κB inhibitor pyrrolidine dithiocarbamate (PDTC) alone or in combination. We found that MT in combination with 
UTI significantly improved the severity of ALI and the activation of Wnt/β-catenin signaling was involved in beneficial 
effect of MT. MT may be used as a therapeutic adjuvant for phosgene induced ALI. 
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Introduction

Phosgene, a well-known irritating and choking 
gas, has been used as a chemical warfare 
agent since the First World War. Currently, 
phosgene is widely used in the production of 
isocyanates, dyes, plastics, and pharmaceuti-
cals. Therefore, accidental, environmental, and 
occupational exposure to the phosgene could 
not be avoided [1]. It is well-defined that expo-
sure to phosgene causes acute lung injury (ALI) 
[2], which can occasionally produce symptoms 
similar to fatal acute respiratory distress syn-
drome [3]. Currently, there is no specific or 
effective treatment for phosgene-induced ALI. 

Urinary trypsin inhibitor (UTI) exists in human 
urine and blood and is a multivalent Kunitz-type 
serine protease inhibitor [4]. UTI has been wide-
ly used in clinical practice as a drug for patients 
with disseminated intravascular coagulation 
(DIC), shock, and pancreatitis [5]. UTI exerts its 
effect mainly through the inhibition of proteas-
es including trypsin, α-chymotrypsin, plasmin, 
cathepsin G, and leukocyte elastase. In addi-
tion, UTI has been reported to have anti-inflam-
matory properties in vitro. UTI inhibits the pro-
duction of proinflammatory molecules such as 
thromboxane B2 (TXB2), interleukin-8 (IL-8), 

tumor necrosis factor-α (TNF-α), and the pro-
duction of prostaglandin H2 synthase (PHS-2), 
which is induced in some inflammatory condi-
tions and contributes to the inflammatory pro-
cess [6]. Therefore, UTI ameliorates several 
inflammatory injuries such as ischemia-reper-
fusion injury [7], septic shock [8], and glomeru-
lonephritis [9]. Moreover, we recently showed 
that UTI could reduce pathogenesis of phos-
gene-induced ALI through decreasing neutro-
phil accumulation and inflammatory cytokine 
production [10]. 

Melatonin (MT) is a hormone secreted by the 
pineal gland at the base of the brain and its lev-
els are monitored by environmental light [11]. 
MT levels peak at night to lower body tempera-
ture and cause drowsiness [12]. MT is a regula-
tor of circadian rhythm in different organ sys-
tems [13, 14]. In addition, MT plays a protective 
role in inflammatory environment [15, 16]. 
However, the role of MT in the treatment of 
phosgene induced ALI remains unclear. Recent 
study indicated that melatonin could regulate 
Wnt/β-catenin pathway [17]. Therefore, in this 
study we aimed to explore therapeutic effect of 
MT in phosgene induced ALI and investigate 
potential molecular mechanisms related to 
Wnt/β-catenin pathway. 
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Materials and methods 

Animals

Adult male SD rats (weight 200 ± 20 g, 8 weeks 
old) were purchased from the Experimental 
Animal Center of the Second Military University 
(Shanghai, China). The experiment protocol was 
approved by the Ethic Committee of Animal 
Care in Jinshan Hospital, Fudan University. The 
rats were maintained in cages at 24-26°C 
under a 12 hr light/dark cycle with free access 
to food and water. The rats were randomly 
divided into 7 groups as follows: Control group 
(normal air), phosgene group (control), MT gro- 
up (10 mg/kg MT and phosgene), UTI (100 U/g 
UTI and phosgene), MT+UTI (10 mg/kg MT, 100 
U/g UTI and phosgene), p38 inhibitor (25 μg/ 
100 g SB203580 and phosgene), NF-κB inhibi-
tor pyrrolidine dithiocarbamate (PDTC) (120 
mg/kg PDTC and phosgene). All the drugs were 
applied 1 h after phosgene exposure by intra-
peritoneal injection. Six hours after exposure to 
phosgene, all rats were anesthetized (i.p.) with 
2% pentobarbital and sacrificed to evaluate the 
severity of ALI.

Exposure to phosgene

Phosgene gas was produced by dissolving tri-
phosgene (Shanghai Guangtuo Chemical Co., 

Ltd, Shanghai, China) in cyclohexane (Sino- 
pharm Chemical Reagent Co., Ltd, Shanghai 
China) with N, N-dimethyl formamide (Sino- 
pharm Chemical Reagent Co., Ltd) and released 
at a constant rate. The animals were placed 
into an exposure cabinet and allowed to breath 
spontaneously, followed by phosgene gas inha-
lation at a dose of 5.0 g/m3 for 5 min. Then the 
animals were placed into separate cabinets 
with fresh air where they were not allowed to 
consume any food.

Bronchoalveolar lavage (BAL)

BAL was performed with the whole lung. Two 
mL aliquots of 37°C, sterile, pyrogen-free, 0.9% 
saline were flushed through the tracheotomy 
tube and this process was repeated for 5 times. 
A total of about 10 mL were recovered and 
pooled. The total number of cells was counted 
using a standard hemocytometer. The BAL fluid 
(BALF) was then centrifuged at 1000×g for 5 
min. The supernatant was collected and sto- 
red at -80°C. Protein quantification was deter-
mined by using BCA Protein Assay Kit (Pierce, 
Rockford, IL, USA).

Wet-to-dry lung weight ratio

The lower right lobe of the lung was weighed. 
After data recording, the lung was dried in an 

Figure 1. Establishment of phos-
gene induced acute lung injury in 
rats. A. The Wet/Dry lung weight 
ratio; B. The protein level in BAL 
fluid; C. The BAL fluid cell counts; 
D. The level of TNF-α; E. The level 
of IL-10 after phosgene exposure. 
Data were presented as mean ± SD 
(n=3). *P<0.05 vs. Control group.
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incubator for 48 h at 80°C and weighed again. 
The weights of wet and dried lungs were nor-
malized to body weight and the ratio of W/D 
was calculated.

ELISA

The concentrations of interleukin 10 (IL-10)  
and Tumor necrosis factor-α (TNF-α) in BALF 
were measured by enzyme-linked immunosor-
bent assay (ELISA) using commercially avail-
able ELISA kits (R&D Systems, Minneapolis, 
MN, USA).

Western blot analysis

The frozen lung tissues were lysed in RIPA buf-
fer (Beyotime, China), followed by high speed 
centrifugation and BCA quantification. Cellular 

protein was separated by electrophoresis on 
sodium dodecyl sulfate-polyacrylamide (SDS-
PAGE) gel and then transferred onto Poly vinyli-
dene fluoride (PVDF) membranes. After block-
ing, the membranes were incubated with the 
antibodies to Wnt1, Wnt3a, β-catenin, p38, NF- 
κB and GAPDH (all from Cell Signaling, Danvers, 
MA, USA), followed by incubation with HPR  
conjugated secondary antibodies. The protein 
bands were detected with SuperSignal Ultra 
Chemiluminescent Substrate (Pierce, Rockford, 
IL, USA) on X-ray films (Koda, Rochester, NY, 
US). 

Statistical analysis

All statistical analyses were performed using 
SPSS13.0 software (SPSS Inc., Chicago, IL, 

Figure 2. Treatment of phosgene induced acute lung injury by MT, UTI, p38 inhibitor and PDTC. A. The Wet/Dry lung 
weight ratio; B. The protein level in BAL fluid; C. The BAL fluid cell counts; D. The level of TNF-α. Data were presented 
as mean ± SD (n=3). *P<0.05 vs. Phosgene group. #P<0.01 vs. Phosgene group.
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USA). The results were presented as mean ± 
standard deviation (SD). One way ANOVA was 
used to examine the differences among multi-
ple groups. P<0.05 was considered as statisti-
cally significance.

Results

Establishment of phosgene induced ALI

As shown in Figure 1A, W:D lung-weight ratio  
of rats was significantly increased after expo-
sure to phosgene compared to control group 
(4.11 ± 0.44 vs. 7.38 ± 0.58, P<0.01). The pro-
tein level in BALF was significantly increased 
after phosgene exposure compared to control 
group (0.623 ± 0.02 vs. 1.832 ± 0.02 mg/mL, 
P<0.01) (Figure 1B). The BAL fluid cell count 
was significantly higher after phosgene expo-
sure than that in control group (1.74 ± 0.2 vs. 
5.3 ± 0.38×106 cells, P<0.01) (Figure 1C). 

The concentration of TNF-α in BALF was signifi-
cantly increased in phosgene-exposed group 
(Figure 1D) (92.01 ± 15.14 pg/mL vs. 41.89 ± 
10.19 pg/mL in control group, P<0.001). There 

was no difference in IL-10 concentration bet- 
ween phosgene group and control group (31.12 
± 2.66 pg/mL vs. 33.23 ± 2.34 pg/mL in con-
trol group, P<0.05) (Figure 1E).

MT and UTI attenuated the severity of ALI

We examined the severity of ALI at 6 h post 
phosgene exposure. W:D ratio of the lung was 
lower in MT (5.00 ± 0.39, P<0.05), UTI (4.84 ± 
0.33, P<0.05), MT+UTI (4.54 ± 0.29, P<0.01), 
p38 inhibitor (5.46 ± 0.48, P<0.05), PDTC 
group (5.31 ± 0.41, P<0.05) than in phosgene 
group (7.38 ± 0.58, P<0.05) (Figure 2A). The 
protein levels in BALF were lower in MT (0.824 
± 0.014, P<0.05), UTI (0.733 ± 0.011, P<0.05), 
MT+UTI (0.677 ± 0.014, P<0.01), p38 inhibitor 
(1.190 ± 0.029, P<0.05), PDTC group (1.007 ± 
0.019, P<0.05) than in phosgene group (1.832 
± 0.015, P<0.05) (Figure 2B). As shown in the 
Figure 2C, the BAL fluid cell count (×106 cells) 
was significantly decreased in MT (3.00 ± 0.25, 
P<0.05), UTI (2.65 ± 0.23, P<0.05), MT+UTI 
(2.29 ± 0.21, P<0.01), p38 inhibitor (3.77 ± 
0.28, P<0.05), PDTC group (3.53 ± 0.27, P< 
0.05) than in phosgene group (5.30 ± 0.38, 

Figure 3. The expression of proteins in Wnt/β-catenin pathway after different treatments. (A) Western blot analy-
sis of WNT1, WNT3a and β-catenin. Relative expression quantification of WNT1 (B), WNT3a (C) and β-catenin (D). 
GAPDH was loading control. Data were presented as mean ± SD (n=3). #P<0.05 vs. Phosgene group. *P<0.01 vs. 
Phosgene group. 
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P<0.05). The concentration of TNF-α was lower 
in MT (65.64 ± 12.25, P<0.05), UTI (63.14 ± 
11.23, P<0.05), MT+UTI (57.86 ± 10.21, P< 
0.01), p38 inhibitor (70.93 ± 15.28, P<0.05), 
PDTC group (68.90 ± 13.25, P<0.05) than in 
phosgene group (92.01 ± 15.14, P<0.05) 
(Figure 2D). These data suggest that MT and 
UTI could alleviate the severity of ALI.

Altered expression of the proteins in Wnt/β-
catenin pathway

Then we collected the lung tissues and per-
formed Western blot analysis. As shown in 
Figure 3, the expression of WNT1 significantly 
increased in MT and UTI group (P<0.05) while 
decreased significantly in PDTC group (P<0.01), 
compared to phosgene group. The expression 
of WNT3a significantly increased in p38 in- 
hibitor and PDTC group (P<0.05) compared to 
phosgene group (Figure 3C). The expression of 
β-catenin significantly increased in MT, UTI, 
MT+UTI, p38 inhibitor, PDTC group compared to 
phosgene group (Figure 3D).

Altered levels of p-p38 and NF-κB

We also examined the levels of p-p38 and 
NF-κB and found that p-p38 level significantly 
decreased in MT (P<0.05), MT+UTI (P<0.05), 
p38 inhibitor (P<0.05) and PDTC group (P<0.01) 
compared to phosgene group. In addition, NF- 

κB level significantly decrease in MT (P<0.05), 
MT+UTI (P<0.05), p38 inhibitor (P<0.05) and 
PDTC group (P<0.01) compared to phosgene 
group (Figure 4).

Discussion

Animal studies have shown that the exposure 
to phosgene resulted in acute pathological 
changes specifically in the broncho alveolar 
region which were characterized by alveolar 
and interstitial edema, fibrin accumulation, and 
hemorrhage [18, 19]. In present study, we 
established a rat model of phosgene induced 
ALI. Using this model we demonstrated that MT 
and UTI could significantly reduce the severity 
of phosgene induced ALI. The combination of 
MT and UTI was better than using MT or UTI 
alone. 

W:D lung weight ratio has been used as an 
important index of the severity of lung edema 
[20]. The increase of W:D lung-weight ratio is 
mainly caused by an increasing extravasation 
of plasma constituents into the alveolus when 
the capillary permeability increases. In this 
study, W:D lung-weight ratio and BAL fluid cell 
count increased after phosgene exposure and 
were significantly higher than those in control 
group. Chen et al. [21] demonstrated the great-
est increase in W:D lung weight ratio and BAL 
fluid cell count at 6 h, consistent with our 

Figure 4. The levels of p-p38 and NF-κB 
after different treatments. (A) Western blot 
analysis of p-p38 and NF-κB. Relative ex-
pression quantification of p-p38 (B) and 
NF-κB (C). GAPDH was loading control. 
Data were presented as mean ± SD (n=3). 
#P<0.05 vs. Phosgene group. *P<0.01 vs. 
Phosgene group. 
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results. It can be concluded that phosgene 
exposure could induce ALI, and the most severe 
ALI is presented at 6 h post-exposure.

Next we used five different treatments to treat 
the rats with phosgene induced ALI and exam-
ined the severity of ALI. We found that MT and 
UTI exerted protective effect on ALI. Shao et al. 
[22] proved that p38 inhibitor SB203580 could 
significantly decrease the W:D lung weight ratio 
and neutrophil cell counts by reducing the acti-
vated expression of p38. We also found signifi-
cant inhibitory effect on ALI by p38 inhibitor. In 
addition, we used NF-κB inhibitor PDTC to treat 
the rats and found that it reduced the severity 
of ALI. According to previous studies [23, 24], 
the inhibition of NF-κB could be considered as  
a main mechanism in phosgene induced ALI. 
However, no direct evidence has shown the re- 
sults on application of NF-κB inhibitor in the 
treatment of phosgene-induced ALI.

Furthermore, we found that MT could signifi-
cantly reduce the severity of phosgene induced 
ALI and the concentration of inflammatory cyto-
kines. In addition, we found that MT could sig-
nificantly increase the expression of β-catenin. 
We also combined MT with UTI and found the 
maximal effect on alleviating the severity of ALI. 
The combination effect of inflammatory cyto-
kine regulation and Wnt pathway inhibition may 
account for the results. Interestingly, GSK-3β 
could regulate NF-κB signaling pathway through 
post-transcriptional regulation of NF-κB com-
plex [25]. 

In conclusion, our data suggest that MT might 
be used as a therapeutic adjuvant for phos-
gene-induced ALI. The combination of MT and 
UTI can serve as a better choice in phosgene 
ALI treatment. However, the application of MT 
and UTI in the clinical practice should be fur-
ther tested. 
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