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A B S T R A C T   

Acute lung injury (ALI) or its more severe form, known as acute respiratory distress syndrome (ARDS), is 
characterized by an initial exudative phase, expression of proinflammatory mediators, activation of inflamma
tory leukocytes, and impairment of the lung endothelium and epithelium. Despite numerous, novel therapeutic 
strategies have been developed regarding the pathophysiology of ALI, current treatment is mainly supportive, as 
specific therapies have not been established in the past few decades. The MAP kinase-interacting kinases (MNK1 
and MNK2) are serine threonine kinases which are activated by mitogen-activated protein kinases (MAPKs), 
regulate protein synthesis by phosphroylating eukaryotic translation initiation factor 4E (eIF4E). Although 
studies have shown that MAPKs pathway is involved in anti-inflammatory and preventing tissue injury processes, 
the role of MNKs in ALI has, until now, remained relatively unexplored. Here, we investigated whether partial 
inhibition of MAPKs pathway by targeting MNKs was effective in the prevention and treatment of ALI. C57BL6 
mice were pretreated with MNK1 and MNK2 inhibitor (CGP57380, 30 mg/kg) for 30 min and then challenged 
with 5 mg/kg LPS for 6 h. The results showed that pretreatment with CGP57380 not only significantly attenuated 
LPS-induced lung wet/dry ratio, as well as protein content, total cells and neutrophils in bronchoalveolar lavage 
fluid (BALF), but also decreased the production of pro-inflammatory mediators such as interleukin-6 (IL-6), 
tumor necrosis factor alpha (TNF-α) and keratinocyte-derived chemoattractant (KC). In addition, CGP57380 was 
observed to significantly suppress LPS-stimulated phosphorylation of eIF4E and MAPKs in the mouse bone 
marrow-derived macrophages (BMDMs). The involvement of MNK2 in lung injury was further evident by MNK2 
knockout mice. MNK2 deficiency resulted in the attenuated lung histopathological changes, as also reflected by 
reductions in neutrophil counts, and the less LPS-induced the production of IL-6, TNF-α and KC in mouse BALF. 
Taken together, these findings demonstrated for the first time that MNK inhibition could effectively reduce the 
LPS-induced ALI in mice, suggesting a novel and potential application for MNK-based therapy to treat this serious 
disease.   

1. Introduction 

Acute lung injury (ALI) and the more severe acute respiratory 
distress syndrome (ARDS) are the severe pulmonary inflammatory dis
ease which occurs due to various environmental triggers, characterized 
by rapid alveolar injury, pulmonary infiltrates, severe hypoxemia, un
controlled inflammatory response, and neutrophil accumulation, with 
persistent high morbidity and mortality in the critically ill patients 
[1–3]. It occurs mainly in young adults, previously fit people, and is 

responsible for thousands of pediatric and adult deaths worldwide each 
year. It is estimated that ALI accounts for approximately 79,000 deaths 
per year in the United States which would make it one of the top 8 causes 
of death in 2018. Both ALI and ARDS bear a large long-term illness and 
disability burden on the individual sufferer and on society [4]. Despite 
extensive research, profound understanding of ALI pathogenesis and 
recent advances in therapeutic strategies being trialed, mortality rates 
from ALI remain high at approximately 30% or 40% [5,6]. This means 
the discovery and development of effective pharmacotherapies remain a 
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major focus for research. 
Pulmonary injury is a complex and multidimensional process, 

involving dysfunction of alveolar-capillary barrier, activation of im
mune and inflammatory system, infiltration of neutrophils and macro
phages, and leaking of alveolar albumin [7,8]. Research efforts in the 
field of ALI have primarily focused on the innate immune system and 
have typically conceptually viewed ALI as a syndrome of hyper- 
inflammation. Emerging evidence indicates that dysregulation of cyto
kines in acute inflammation is a crucial step in mediating, amplifying, 
and perpetuating ALI processes [1–4,9]. Lipopolysaccharide (LPS), a 

main component of bacterial cell walls, has been identified as a key 
factor in ALI development, which can trigger a rapid and robust in
flammatory response and impair the normal function of immune cells, 
such as macrophages. Results from previous studies showed that 
continuous activation of macrophages was one of the key steps 
responsible for accelerating ALI progress [9–12]. Macrophages perform 
multiple functions at different stages of ALI through the production of 
pro-inflammatory mediators including chemokines and cytokines such 
as interleukin-6 (IL-6), interleukin-12 (IL-12) and tumor necrosis factor 
alpha (TNF-α) [13–15]. Toll-like receptor 4 (TLR4) is a transmembrane 

Fig. 1. CGP57380 depressed LPS-induced mouse lung injury. (A) C57BL/6 mice were pretreated with CGP57380 for 30 min and then were challenged with 5 mg/kg 
LPS for 6 h. H&E staining revealed typical ALI manifestation, and CGP57380 attenuated LPS-induced histopathological changes. Higher-power images listed below 
showed the changes of inflammatory cell infiltration and alveolar septal thickening. (B-C) Lung wet/dry ratio and total BALF protein were significantly lower in the 
CGP57380-treated mice than that challenged with LPS (P < 0.05). Five mice were used in each group (n = 5). Data are expressed as mean ± SD. *** P < 0.01; * P 
< 0.05. 
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protein encoded by the TLR4 gene, which is involved in the innate im
mune response [16–18]. A number of studies have shown that LPS is the 
ligand of TLR4 and stimulates the inflammatory response of the lungs by 
binding to TLR4 [19–22]. It is now verified that TLR4-mediated 
mitogen-activated protein kinases (MAPKs) signaling pathways are 
responsible for the production of a variety of pro-inflammatory cyto
kines [23–26]. Following that, expression levels of IL-6, TNF-α and other 
pro-inflammatory cytokines are considerably enhanced [24]. Thus, 
blocking the TLR4-mediated MAPKs signaling pathways can inhibit the 
development of ALI induced by LPS. 

The MAP kinase-interacting kinases (MNK1 and MNK2) are serine 
threonine kinases which are activated by MAPKs, regulating protein 
synthesis by phosphroylating eukaryotic translation initiation factor 4E 
(eIF4E) [27–29]. Although numerous studies have shown that MAPK 
pathways are involved in the anti-inflammatory and tissue injury pre
venting processes [30], the role of MNKs in ALI has remained relatively 
unexplored until now. Here, we investigated whether partial inhibition 
of MAPK pathways by targeting MNKs was effective in the prevention 
and treatment of ALI, and potential mechanisms that might be involved. 

2. Materials and methods 

2.1. Materials and reagents 

Most chemical reagents including LPS, CGP57380, pentobarbital 
sodium, DMSO, paraformaldehyde, and H&E staining solution were 
purchased from Sigma-Aldrich China Branch (Shanghai, China). The cell 
culture reagents including DMEM, penicillin, streptomycin, trypsin, and 
phosphate-buffered saline were purchased from Life Technologies of 
Thermo Fisher Scientific (China) (Shanghai, China). Fetal bovine serum 
(FBS) was purchased from EVERY GREEN by Zhejiang Tianhang 
Biotechnology (Hangzhou, Zhejiang, China). The antibodies against 
eIF4E, phospho-eIF4E, phospho-ERK, phospho-JNK and phospho-p38 
MAPK used in Western blotting were purchased from Cell signaling 
Technology (Beverly, MA, USA). The FITC-labeled anti-mouse Ly-6G 
(Gr-1) antibody was obtained from eBioscience (Grand Island, NY). 
The GAPDH antibody was purchased from Proteintech (Wuhan, Hubei, 
China). The secondary antibody (horseradish peroxidase-conjugated 
goat anti-rabbit IgG antibody) was obtained from Mei5 Biotechnology 
(Beijing, China). The enhanced chemiluminescence (ECL) kit was pur
chased from Thermo Fisher Scientific (China) (Shanghai, China). 

Fig. 2. CGP57380 decreased inflammatory cell accumulation in BALF from ALI mice. (A) The total BALF cells and neutrophils were measured and counted based on 
flow cytometry analysis. (B-C) The total cells and neutrophils were remarkably reduced in the CGP57380-treated mice than that challenged with LPS (P < 0.01). Five 
mice were used in each group (n = 5). Data are expressed as mean ± SD. *** P < 0.01. 
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2.2. Animals model 

All experimental procedures were approved by the Institutional 
Animal Care and Use Committee of Wuhan University, and all experi
ments were performed according to the Guide for the Care and Use of 
Laboratory Animals. Eight week-old wild-type (MNK2+/+, purchased 
from Beijing Vital River Laboratory Animal Technology Co., Ltd., Bei
jing, China) and MNK2 deficient (MNK2− /− , obtained from Center for 
Animal Experiment, Wuhan University, China) male C57BL6 mice 
(18–20 g) were housed in a conventional animal facility at constant 21 

℃ in a 12-h light–dark cycle with unrestricted access to food and water. 
To induce ALI, after anesthesia with intraperitoneally injection of 50 
mg/kg pentobarbital sodium, LPS (5 mg/kg) was intratracheally 
instilled in wild-type and MNK2-knockout mice. Before LPS exposure, 
some wild-type mice were intraperitoneally injected with at 30 mg/kg of 
CGP57380 or DMSO for 30 min. The ALI and lung inflammation were 
determined in the mice by measuring alveolar exudate, neutrophil 
infiltration, and lung wet/dry weight ratio. Five mice were used in each 
group. 

Fig. 3. Cytokines and chemokine in BALF were detected by ELISA. (A) IL-6 in BALF were notably increased by LPS administration compared with vehicle one (P＜ 
0.01), whereas their levels were significantly reduced in the LPS/ CGP57380 group (P＜0.05). (B) TNF-α in BALF were remarkably increased by LPS administration 
compared with vehicle one (P＜0.01), whereas their levels were notably reduced in the LPS/ CGP57380 group (P＜0.05). (C) KC in BALF were outstandingly 
increased by LPS administration compared with vehicle one (P＜0.01), whereas their levels were considerably reduced in the LPS/ CGP57380 group (P＜0.05). Five 
mice were used in each group (n = 5). Data are expressed as mean ± SD. *** P < 0.01; * P < 0.05. 

Fig. 4. CGP57380 inhibited cytokines and chemokine production in LPS-stimulated BMDMs. (A) Analysis of LPS-induced cytokines and chemokine expression. 
BMDMs were pretreated with 0.1% DMSO or CGP57380 as indicated for 15 min, then stimulated with 100 ng/ml LPS for 6 h. (B-D) LPS-induced expression of 
cytokines and chemokine was inhibited by CGP57380 in a concentration-dependent manner. Statistical analysis was performed using one-way ANOVA. n = 3. *P <
0.05, **P < 0.01, ***P < 0.001. 
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2.3. Leukocytes in the bronchoalveolar lavage fluid (BALF) 

After the lungs had been washed with 0.5 ml of sterile saline three 
times, BALF samples were collected as previously described [31]. After 
lysis of red cells, the remaining cells were washed, then resuspended 
with PBS and counted. For neutrophil analysis in BALF, FITC-labeled 
anti-mouse Ly-6G (Gr-1) antibody was used for labeling, the labeled 
neutrophils were counted using a flow cytometer (FACScanto, BD Bio
sciences, San Jose, CA) and the data were analyzed with FlowJo7.6. 

2.4. Lung wet/dry ratio 

The lung edema was determined by the ratio of lung wet/dry weight. 
Fresh right lung was cleansed and weighed to obtain the wet weight and 
then was dried in an oven at 60 ◦C for at least 24 h to assess the dry 
weight. The left lung was collected for histopathological analysis. 

2.5. Histopathological examination 

Left lung tissues were fixed in 4% paraformaldehyde, embedded in 
paraffin, and cut into 5 μm thick sections. The sections were stained with 
H&E using standard protocols, as reported previously [32]. The sections 

were examined and photographed using a light microscope (RX51, 
Olympus Optical Co. Ltd., Tokyo, Japan) at × 200 magnification after 
staining. 

2.6. Cytokine detection by ELISA 

The amounts of IL-6, TNF-α and keratinocyte-derived chemo
attractant (KC) in BALF were measured by commercially available ELISA 
kits (R&D System, Minneapolis, MN, USA) in accordance with the 
manufacturer’s instructions. 

2.7. Cell culture 

Bone marrow-derived macrophages (BMDMs) were isolated from the 
bones of male C57BL/6 mice. The isolated cells were cultured in DMEM 
supplemented with antibiotics (100 units/mL of penicillin and 100 μg/ 
mL streptomycin), 10% FBS, and 10% culture supernatant of L929 cell- 
conditioned medium (as a source of Macrophage-Colony Stimulating 
Factor) for 7 d (37 ◦C, 5% CO2). Cells were treated with indicated 
concentrations of CGP57380; 0.1% DMSO was added into culture me
dium as the solvent control. 

Fig. 5. CGP57380 decreased the phosphorylation of eIF4E in LPS-treated BMDMs. (A) Western blot analysis of LPS-induced eIF4E expression. BMDMs were pre
treated with 0.1% DMSO or CGP57380 as indicated for 15 min, then stimulated with 100 ng/ml LPS for 6 h. LPS-induced expression of eIF4E was inhibited by 
CGP57380 in a concentration-dependent manner (A-B). Statistical analysis was performed using one-way ANOVA. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001. 
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2.8. Western blot analysis 

The BMDMs at 2 × 106 cells per well density in 6-well plates were 
pretreated with CGP57380 for 15 min, then stimulated with 100 ng/ml 
LPS for 1 h. The cells were homogenized in radioimmunoprecipitation 
assay lysis buffer (Wuhan Boster Biological Technology, Ltd., Wuhan, 
China) supplemented with phenylmethanesulfonyl fluoride (Beyotime, 
Jiangsu, China). A bicinchoninic acid extraction kit (Wuhan Boster 
Biological Technology, Ltd.) was used to determine the protein con
centration. The 20 μg denatured protein samples were separated on SDS- 
PAGE followed by transfer to the nitrocellulose membrane. After 
blocking, the membranes were incubated with primary antibodies at 4 
◦C overnight. The primary antibodies were against eIF4E, phospho- 
eIF4E, phospho-ERK, phospho-JNK, phospho-p38 MAPK, and GAPDH. 
After washing, the membranes were incubated for 2 h with the sec
ondary antibody at room temperature. The bands were visualized using 
enhanced chemiluminescence (ECL) stain kit and then auto- 
radiographed. 

2.9. Statistical analysis 

Unless otherwise stated, experiment results were performed at least 
three times independently. The ‘n’ of each group was also indicated in 
the figure legends. Data are presented as the means ± standard deviation 

(SDs). The GraphPad Prism program or one-way ANOVA followed by the 
Holm-Sidak’s method were used for the statistics analysis as appro
priate. Differences were considered statistically significant if P < 0.05. 

3. Results 

3.1. MNK inhibitor CGP57380 reduces LPS induced ALI 

To determine the role of MNKs in the development of ALI, we first 
determined the effects of MNK inhibitor CGP57380 on the LPS induced 
mouse lung injury. CGP57380 is a potent inhibitor for both MNK1 and 
MNK2 with the similar IC50 value [36]. Intratracheally instillation with 
LPS in mice was used to introduce the ALI. The histological studies 
showed that LPS treatment induced the hemorrhage and infiltration of 
inflammatory cells in compared to the control group, and pretreatment 
with MNK inhibitor CGP57380 decreased both hemorrhage and in
flammatory cells (Fig. 1A). While the increase of lung wet/dry ratio 
caused by LPS was significantly reduced by the MNK inhibitor, the high 
protein contents in the BALF of LPS treated mice were also greatly 
decreased (Fig. 1B and 1C). Together, these data suggest that MNK in
hibitor CGP57380 was able to decrease the LPS induced mouse lung 
injury. 

To further confirm the effects of CGP57380 on the lung injury, we 
next examined the infiltration of neutrophils in the BALF. The 

Fig. 6. CGP57380 reduced the phosphorylation of 
MAPKs in LPS-treated BMDMs. (A) Western blot 
analysis of LPS-induced P-ERK, P-JNK and P-p38 
expression. BMDMs were pretreated with 0.1% DMSO 
or CGP57380 as indicated for 15 min before stimu
lation of LPS (100 ng/ml). The expressions of P-ERK, 
P-JNK and P-p38 were detected as above. (B-D) 
Densitometric analysis of the ratios of P-p38/T-p38, P- 
ERK/T-ERK, and P-JNK/T-JNK was performed using 
Image software. LPS-induced expression of MAPKs 
was inhibited by CGP57380 in a concentration 
-dependent manner (A-D). Statistical analysis was 
performed using one-way ANOVA. n = 3. **P < 0.05, 
***P < 0.01.   

J. Gao et al.                                                                                                                                                                                                                                      



Biochemical Pharmacology 186 (2021) 114499

7

Fig. 7. MNK2 deficiency attenuated LPS-induced ALI in mice. (A) WT and 
MNK2 deficient mice were treated with 5 mg/kg LPS for 6 h. H&E staining 
revealed typical murine ALI manifestation in WT mice, and MNK2 defi
ciency attenuated LPS-induced histopathological changes. Higher-power 
images listed below showed the changes of inflammatory cell infiltration 
and alveolar septal thickening. (B) The BALF neutrophils were measured 
and counted based on flow cytometry analysis. (B-C) The neutrophils were 
remarkably reduced in MNK2 deficient mice than that in WT mice (P <
0.01). Five mice were used in each group (n = 5). Data are expressed as 
mean ± SD. *** P < 0.01.   
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neutrophils were analyzed with flow cytometry analysis. LPS treatment 
induced a high number of leukocytes collected in the BALF. About 80% 
of the cells were the neutrophils. CGP57380 pretreatment reduced the 
total leukocytes and neutrophils in BALF (Fig. 2), indicating that the 
CGP57380 could prevent the infiltration of neutrophils in the alveoli 
after LPS induction. 

We then examined the contents of pro-inflammatory cytokines and 
chemokines in the BALF by ELISA. The data showed that LPS treatment 
induced the increase of IL-6, TNF-α, and KC in the BALF. And pretreat
ment of CGP57380 diminished their contents in the BALF in about half 
(Fig. 3). Together, LPS intratracheally instillation induced lung injury 
could be attenuated by MNK inhibitor CGP57380 pretreatment. 

3.2. MNK inhibitor CGP57380 decreases inflammatory response in 
macrophages 

Macrophages, including alveoli residential macrophages play a 
pivotal role in the ALI [33,34]. Next we determined the effects of MNK 
inhibitor CGP57380 on the macrophage inflammatory response after 
LPS stimulation. We measured the amounts of pro-inflammatory IL-6, 
TNF-a, and KC in BMDMs as the way to determine the macrophage in
flammatory response. Challenging of BMDMs with LPS resulted in the 
profound increase of IL-6, KC and TNF-α, respectively. Moreover, pre
treatment of the BMDMs with different concentrations of CGP57380 
inhibited the increase in a concentration-dependent manner (Fig. 4), 
clearly suggesting that macrophage inflammatory response is at least 
partially dependent on MNKs. 

To understand the effects of MNK inhibition on the MNK upstream 
and downstream signal molecules, we used Western blot to determine 
the phosphorylation of these molecules. In Fig. 5, challenging of BMDMs 
with LPS resulted in the increased levels of phosphorylated eIF4E, this 
increase was inhibited by the pretreatment of CGP57380 in a 
concentration-dependent manner. Interestingly, LPS challenging also 
resulted in the increased phosphorylation of MAPKs (ERK, p38, JNK), 
pretreatment with CGP57380 diminished the increased phosphorylation 
of these MAPKs at a higher concentration (Fig. 6). Taken together, it is 
likely that MNKs are involved in the inflammatory response macrophage 
and inhibition with CGP57380 interrupted the downstream signaling 
and reduced the inflammatory response. 

3.3. MNK2 knockout attenuates LPS-induced ALI 

Since compound CGP57380 is able to inhibit both MNK1 and MNK2, 
to further determine the role of MNK2 in the lung injury, we took the 
advantage of MNK2 knockout mice. LPS induced lung injury was 
compared in the MNK2-/- and wild type mice. Histological studies 
showed that MNK2 deficient resulted in a much less lung injury as 
shown by less hemorrhage and alveoli infiltration of inflammatory cells 
(Fig. 7A). Flow cytometry analysis of neutrophils in BALF showed that 
neutrophil alveoli infiltration was reduced at least in half (Fig. 7 B and 
7C). These results confirmed the involvement of MNK2 in LPS induced 
lung injury. The proinflammatory cytokines in BALF were also deter
mined. The LPS induced productions of IL-6, TNF-α, and KC were greatly 
decreased in the BALF of MNK2 deficient mice (Fig. 8). 

4. Discussion 

ALI is a complex and multidimensional process including inflam
matory response of several types cells in lungs. MAPKs signaling 
pathway mediated the production of many pro-inflammatory cytokines 
and chemokines in these cells. As MNK kinases are effectors of MAPK 
pathways, these observations suggest that they may play important roles 
in mediating cytokine production at the translational level [35]. MNKs 
are also the MAPKs downstream molecules, controlling the translation 
efficiency by phosphorylating eIF4E and playing a pivotal role in the 
production of pro-inflammatory cytokines such as TNF-α, IL-6. Both 
kinases are not dispensable in the development of T cells [35]. However, 
in spite of their roles in inflammation, the individual role of MNK1 and 
MNK2 in ALI has not been well studied, not mention the potential as 
pharmaceutical target for ALI or ARDS. In this report, we used both 
pharmacological reagent and knockout animals to explore the potential 
of MNK2 as the therapeutic targeting molecules for ALI. 

Because of their important roles in inflammation, several compounds 
were developed as inhibitors for MNKs. Among them, CGP57380 has 
been used as a MNK inhibitor both in intro and in vivo. Although some 
thought CGP57380 is a potent for MNK1, however, detail pharmaco
logical studies indicate it is an inhibitor for both MNK1 and MNK2 with 
the even low IC50 value for MNK2 when ATP was used as substrate [36]. 
Another interesting compound is the cercosporamide. It has been sug
gested to more selective to MNK2. However, it also inhibits other ki
nases, for example it has IC50 value about 0.031 uM for Jak3. In 
addition, cell biological studies indicated treatment with 

Fig. 8. MNK2 deficiency diminished lung inflammatory responses in LPS-induced mice. WT and MNK2 knockout mice were challenged with 5 mg/kg LPS for 6 h, and 
then cytokines and chemokine in BALF were detected by ELISA. (A) IL-6 level in MNK2 deficient mice were significantly decreased by LPS administration compared 
with WT ones (P＜0.01). (B) TNF-α production in MNK2 deficient mice were notably reduced by LPS treatment compared with WT ones (P＜0.05). (C) KC content in 
MNK2 deficient mice were remarkably declined by LPS management compared with WT ones (P＜0.05). Five mice were used in each group (n = 5). Data are 
expressed as mean ± SD. * P < 0.05, ** P < 0.01. 
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cercosporamide also induced apoptosis, therefore it has only demon
strated in anti-cancer studies [37]. In contrary, CGP57380 has been 
studies in non-cancer inflammatory disease models, such asthma, 
rheumatoid arthritis and bowel disease [38,39]. Therefore, it is more 
reasonable for us to use CGP57380 in our ALI model. 

In our studies, we first determined the effects of CGP57380 on the 
LPS induced mouse ALI. Our results from histological studies, protein 
contents and neutrophil numbers in BALF, and the production of pro- 
inflammatory cytokines and chemokines demonstrated that CGP57380 
is able to reduce the LPS induced ALI in mice, clearly suggesting the 
involvement of MNK1 and/or MNK2 in the development of lung injury. 
In the isolated BMDMs, we also demonstrated the inhibitory effects of 
CGP57380 on the inflammatory response in macrophages. Our data 
showed that CGP57380 is able to decrease the amounts of IL-6, TNF-α 
and KC. Furthermore, CGP57380 is able to inhibit the phosphorylation 
of eIF4E even at low concentration. These results suggest that CGP57380 
is targeting to the MNK mediating signaling pathway to regulate the 
macrophage inflammatory response and eventually reduce the LPS- 
induced ALI. CGP57380 is not a specific MNK1 or MNK2 inhibitor, 
and also inhibit other kinases [40–42]. The interpretation our observa
tion with CGP57380 may need caution. Otherwise, our study of MNK2 
deficient mice may complement the limitations presented by CGP57380. 
Our data from MNK2 deficient mice clearly indicate the involvement of 
MNK2 in the development of lung inflammation and lung injury. Taken 
together, our studies suggest that targeting MNK2 may provide new 
strategy for ALI therapy. 

In summary, our results demonstrated for the first time that MNKs, 
especially MNK2, play a pivotal role in the development of infection 
induced lung inflammation and injury. With the development and 
availability of new compounds as MNK specific inhibitor, pharmaceu
tical targeting MNKs, or at least MNK2, may provide new therapeutic 
strategy for ALI. 
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