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Introduction
Acute lung injury (ALI) is a serious clinical condition that is 
often caused by devastating diseases, including sepsis, acid 
aspiration and trauma.  ALI is characterized by severe and 
acute inflammatory responses within the lungs[1–4], and its 
most severe form is defined as acute respiratory distress syn-
drome (ARDS).  ALI and ARDS are the major causes of mor-
bidity and mortality in the clinic.

The pathogenesis of ALI is not entirely clear.  Generally, the 
recruitment of inflammatory cells (ie, neutrophils and macro-
phages) into the lung is considered a primary event in the ini-
tiation and development of ALI[5, 6].  The over-activated inflam-

matory cells lead to the excessive release of pro-inflammatory 
cytokines [ie, tumor necrosis factor-α (TNF-α), interleukin-1β 
(IL-1β), interleukin-6 (IL-6), etc], chemokines [ie, macrophage 
inflammatory protein 2 (MIP-2)], proteolytic enzymes (iNOS, 
COX-2, etc), oxidants and reactive nitrogen species; this results 
in direct tissue injury and lung inflammation[3, 4].  

The intratracheal administration of LPS, an endotoxin, has 
been commonly used to simulate and study the pathogenesis 
of human ALI, along with potential intervention strategies[7].  
LPS is a specific ligand of TLR4 and the primary stimulus 
in macrophage activation[8, 9].  LPS binding to TLR4 triggers 
downstream signaling events that mainly occur through two 
adaptors —Myd88 (myeloid differentiation factor 88) and TRIF 
(TIR-domain-containing adapter-inducing interferon-β)[10, 11].  
Myd88 is the major activator of three mitogen-activated pro-
tein kinase (MAPK) pathways, including the c-Jun NH2-termi-
nal kinase (JNK), extracellular signal-regulated kinase (ERK), 
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and p38 pathways[12, 13].  Activation of Myd88-dependent TLR4 
signaling also induces degradation of IκB and promotes the 
nuclear translocation and activation of nuclear factor-kappa 
B (NF-κB); this results in the overexpression of inflammatory 
mediators and subsequent pulmonary damage that precedes 
ALI[14].

There are no proved drugs for treating ARDS in the world 

because no specific ALI therapies exist[15].  Recent scientific 
interests have become focused on new applications for old 
drugs and/or their derivatives as potential therapeutic agents 
in combating human diseases.  Ubenimex (Figure 1A), more 
commonly known as Bestatin®, is an inhibitor of several prote-
ases, including aminopeptidase B, aminopeptidase N (APN), 
leukotriene A4 hydrolase and leukotriene D4 hydrolase[16–18].  
It is derived from Streptomyces olivoreticuli[19] and has been 
widely used to treat acute myelocytic leukemia[20].  Ubenimex 
treatment reportedly inhibits the production of pro-inflam-
matory mediators, such as IL-6 and IL-8, by LPS-stimulated 
monocytes and alveolar macrophages from patients with sar-
coidosis[21].  This study suggests that ubenimex and its deriva-
tives may provide a basis for developing novel anti-inflamma-
tory agents to treat inflammatory diseases.  LYRM03 (3-amino-
2-hydroxy-4-phenyl-valyl-isoleucine) is a novel derivative of 
ubenimex (Figure 1B).  We observed that LYRM03 protected 
mice from bacterial infection-induced death in the cecal liga-
tion puncture (CLP) model (data not published).  However, 
the role of LYRM03 in inflammation and ALI remains unde-
fined.

In the present study, the protective effect of LYRM03 against 
LPS-induced ALI was characterized.  The LYRM03 treatment 
remarkably attenuated lung inflammation and decreased the 
expression of pro-inflammatory cytokines, chemokines and 
inflammation-associated enzymes in the lungs of ALI mice.  
The inhibitory effects of LYRM03 on alveolar macrophage acti-
vation and TLR4-mediated signaling were also determined in 
vitro.

Materials and methods
Animals
Male C57BL/6 mice (6–12 weeks old, 22±3 g, Specific Patho-
gen-Free) were purchased from Slac Laboratory Animal Cor-
poration (Shanghai, China).  The study adhered to the Prin-
ciples of Laboratory Animal Care (NIH publication No 85–23, 
revised 1996).  All experimental protocols for this study were 
approved by the Animal Care and Use Committee of Shanghai 
Jiao Tong University.  

Compound and reagents
LYRM03 (3-amino-2-hydroxy-4-phenyl-valyl-isoleucine) 
(Figure 1B) was synthesized at the Shanghai Laiyi Center for 
Biopharmaceutical R&D.  Its purity was >98% by HPLC.  The 
original LYRM03 stock was stored as a solid powder at -20 °C.  
The working solution was freshly prepared before use by dis-
solving 1 mg/mL (2.5 mmol/L) into PBS; it was stored at 4 °C 

for no more than 12 h.  
The primers for this study were synthesized by HuaGene 

Biotech Co, Ltd (Shanghai, China).  The primary antibodies 
were purchased from Cell Signaling Technology (Danvers, 
MA, USA); they included antibodies against iNOS, COX-2, 
Myd88, IκB, phosphor-p38 (T334), total p38, and β-actin.  
ELISA kits were purchased from R&D Systems (Minneapolis, 
MN, USA).  Other chemical reagents without special indica-
tions were obtained from Sigma.

ALI mouse model
Mice were randomly divided into the following 7 groups: 
control, LYRM03 (4 and 24 h) groups, LPS (4 and 24 h) groups, 
and LPS+LYRM03 (4 and 24 h) groups.  Each group contained 
five mice.  LYRM03 and LPS were separately dissolved in 
PBS.  Mice were administered an intratracheal injection of LPS 
(5 mg/kg) or LYRM03 (10 mg/kg) and a subsequent intra-
peritoneal (ip) injection of LYRM03 (10 mg/kg).  For the 24-h 
LPS treatment group, another ip injection with LYRM03 was 
administered 12 h after the LPS challenge.  Mice in the control 
group received a PBS injection without the LPS challenge.  At 
the indicated time points (4 and 24 h), mice were euthanized 
by CO2 inhalation, and samples were collected.

BALF acquisition and analysis 
The lungs were lavaged three times with 1 mL PBS, and the 
BALF was centrifuged at 4 °C.  The cell-free supernatant was 
harvested for a total protein analysis, which was performed 
using the bicinchoninic acid (BCA) protein assay kit (Beyo-
time, Shanghai, China).

MPO activity assay
The largest (right) lobes of the lungs were collected and 
subjected to three freeze-thaw cycles.  The supernatants 
were collected at 4 °C, and their protein concentrations were 
determined as described above.  Absorbance changes at 655 
nm were measured with a microplate reader (FlexStation 3, 
Molecular Devices, California, CA, USA).  The MPO activity 
value was defined as the absorbance change per min per gram 
protein[22].  

RNA isolation, reverse transcription and quantitative PCR
Frozen lungs (each from the right upper lobe) were homog-
enized, and the total RNA was isolated using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA).  cDNA was 
prepared with the ReverTra Ace qPCR RT Kit (Toyobo, 
Osaka, Japan) and amplified by real-time PCR on a Ste-
pOne Plus (Thermo Fisher Scientific, Waltham, MA, USA) 
with primer sets for TNF-α (forward, 5’-TTCTCATTCCT-
GCTTGTGG-3’; reverse, 5’-ACTTGGTGGTTTGCTACG-3’), 
IL-1β (forward, 5’-CCAGCTTCAAATCTCACAGCAG-3’; 
reverse, 5’-CTTCTTTGGGTATTGCTTGGGATC-3’), IL-6 
(forward, 5’-CTTCTTGGGACTGATG-3’; reverse, 5’-CTG-
GCTTTGTCTTTCT-3’), MIP-2 (forward, 5’-CCAAGGGTT-
GACTTCAAGAAC-3’; reverse, 5’-AGCGAGGCACATCAG-
GTACG-3’) and GAPDH (forward, 5’-TGCGACTTCAACAG-
CAACTC-3’; reverse, 5’-CTTGCTCAGTGTCCTTGCTG-3’).
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Histopathology
Lung tissues (left lobe) were fixed in 4% paraformaldehyde, 
embedded in paraffin and cut into 5-μm thick sections in a 
microtome (RM2235, Leica Biosystems, Wetzlar, Germany).  
The sections were stained with hematoxylin and eosin, and 
images were captured by microscopy (RX51, Olympus Optical 
Co Ltd, Tokyo, Japan).

Isolation of alveolar macrophages and cell culture
Alveolar macrophages were prepared by flushing the cells 
from the lung tissue with 10 mL PBS per mouse.  Cells were 
collected and cultured in DMEM (HyClone Logan, UT, USA) 
plus 10% fetal bovine serum (FBS) (Biological Industries, Kib-
butz Beit-Haemek, Israel).  Cells were treated with the indi-
cated concentrations of LYRM03 and/or LPS according to the 
experimental requirements.

ELISA
The IL-6 and TNF-α concentrations in the BALF were quanti-
fied using an ELISA kit (R&D Systems, Minneapolis, MN, 
USA) according to the manufacturer’s instructions.  All experi-
ments were performed in triplicate.

Western blot analysis 
After the indicated treatments, cells were collected and lysed 
in RIPA buffer (WEIAO BioTech Co Ltd, Shanghai, China) 
plus 1 mmol/L PMSF.  Equal protein concentrations were 
loaded onto 10% SDS/PAGE gels, transferred to nitrocellu-
lose filter membranes and incubated with indicated primary 
antibodies overnight at 4 °C.  Membranes were incubated 
with secondary antibodies (KPL, Gaithersburg, MD, USA) for 
1 h at room temperature.  Western blot quantifications were 
analyzed with ImageJ software (National Institute of Mental 
Health, Bethesda, MD, USA).

Quantitative determination of nitrite levels
NO2

- levels were determined using Griess reagent.  Briefly, 
5×105 macrophages were seeded into each well of a 24-well 
plate.  After incubation overnight, cells were treated with LPS 
(100 ng/mL) and different concentrations of LYRM03 for 24 h.  
Supernatants were collected, and nitric oxide (NO) levels were 
measured using the Nitric Oxide Assay Kit (Beyotime, Shang-
hai, China).  

Statistical analysis
The data are presented as the mean±SD and were obtained 
from at least three independent tests.  Student’s t-test (paired 
comparison) was performed using Prism 5 (GraphPad, San 
Diego, CA, USA).  P<0.05 was considered statistically signifi-
cant.

Results
LYRM03 inhibited inflammatory cell infiltration into the lungs of 
ALI mice
To determine whether LYRM03 alleviated sepsis-induced 
ALI, we challenged mice with intratracheal injections of LPS 

(5 mg/kg) and treated mice with LYRM03 (10 mg/kg) by 
intraperitoneal administration.  The total protein concentra-
tions in the BALF were elevated after the LPS challenge at 
both 4 h (Figure 1C, P<0.01) and 24 h (Figure 1D, P<0.01).  The 
LPS-induced increase in the BALF protein concentration was 
relieved by the LYRM03 treatment for 4 h (Figure 1C, P<0.05), 
with an approximate decrease of 32.7%.  During the 24-h LPS 
challenge, LYRM03 was additionally administered 12 h after 
the LPS injection.  The BALF protein concentration in the 
LYRM03/LPS group (24 h) was remarkably reduced com-
pared to that of the LPS group (Figure 1D, P<0.05).  

MPO activity in lung tissue is a specific marker for neutro-
phil infiltration and ALI severity.  The MPO activity assay 
indicated that the intratracheal LPS injection caused evident 
neutrophil accumulation in the lung tissue (Figure 1E, P<0.01; 
Figure 1F, P<0.01).  Mice that were treated with LPS and 
LYRM03 for 4 and 24 h displayed significant reductions in 
MPO activity (Figure 1E and 1F, P<0.05).  The LYRM03 treat-
ment without the LPS challenge did not induce a change in 
BALF protein concentration (Figure 1C and 1D) nor did it 
affect MPO activity (Figure 1E and 1F).

LYRM03 ameliorated the LPS-induced pulmonary injury
The largest lobe of the lungs was collected and subjected to a 
histologic assessment.  Compared to the control group (Figure 
2A and 2D), mice that were challenged with LPS (5 mg/kg) for 
4 h (Figure 2B) and 24 h (Figure 2E) showed evident inflam-
mation in their lung tissues.  Inflammatory cell infiltration and 
inter-alveolar septal thickening were also observed.  These 
LPS-induced pathologic changes were attenuated in the lungs 
of ALI mice that were treated with LYRM03 (10 mg/kg) for 4 h 
(Figure 2C) and 24 h (Figure 2F).  The histological assays were 
consistent with the protein concentration and MPO activity 
assay data, which suggested that LYRM03 inhibited inflamma-
tory cell infiltration during ALI development.  In the analysis 
above, the LYRM03 injection without the LPS challenge did 
not induce pathologic changes in the lung tissue.

LYRM03 decreased inflammatory cytokines and factors in ALI 
mice
To further determine the anti-inflammatory role of LYRM03 
in ALI, we measured the expression of pro-inflammatory and 
chemotactic cytokines.  The quantitative PCR analysis indi-
cated that the mRNA levels of TNF-α, IL-1β, IL-6, and MIP-2 
significantly increased (Figure 3A–3D, P<0.01) in the lungs 
of mice that were treated with LPS for 4 h compared with the 
control group, which only received PBS.  The LYRM03 treat-
ment remarkably decreased the LPS-induced mRNA expres-
sion of these pro-inflammatory cytokines (Figure 3A–3D, 
P<0.05).  The mRNA levels of TNF-α, IL-1β, IL-6, and MIP-2 
were reduced to approximately 30% in response to LYRM03 
(Figure 3A–3D).  The enzyme linked immunosorbent assays 
(ELISA) results for the two critical inflammatory cytokines 
(IL-6 and TNF-α) confirmed that LYRM03 attenuated LPS-
induced IL-6 and TNF-α production in the ALI mice (Figure 
3E and 3F, P<0.05).  
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Both iNOS and COX-2 are important inflammatory factors 
that contribute to ALI.  The minor lobes of the lungs were col-
lected and prepared to determine iNOS and COX-2 expression 
by Western blot.  The LPS challenge for 24 h clearly induced 
iNOS and COX-2 expression (Figure 4A) in the lungs of ALI 
mice.  LYRM03 injections after the LPS challenge led to observ-
able decreases in iNOS and COX-2 expression (Figure 4A).  
The statistical analysis of the Western blot result indicated 
that LYRM03 significantly suppressed LPS-induced iNOS and 
COX-2 expression (Figure 4B, P<0.05).

LYRM03 inhibited LPS-induced alveolar macrophage activation
Alveolar macrophages serve as the first line of defense against 
pathogen invasion and infection.  To investigate the underly-
ing mechanism of the anti-inflammatory effects of LYRM03 
in ALI, we isolated alveolar macrophages (AM) from murine 
lung tissues.  Alveolar macrophages were incubated with 
LYRM03 for 1 h before the LPS (100 ng/mL) treatment.  After 
subsequent 2- or 4-h incubations, alveolar macrophages were 
collected, and quantitative PCR assays were performed to 
determine the mRNA levels of TNF-α, IL-1β, IL-6, and MIP-2.  
After 2- and 4-h LPS treatments, the inflammatory cytokines 
and mediators that were expressed by the AMs were dramati-
cally induced (Figure 5).  The LYRM03 (100 µmol/L) pretreat-
ment inhibited the expression of these inflammatory factors 
(Figure 5, P<0.05).  The Western blot analysis confirmed the 
dose-dependent suppression of iNOS and COX-2 expression 
by LYRM03 after the 16-h LPS treatment (Figure 6A and 6B).  
Increased iNOS expression is responsible for the excessive pro-
duction of NO during the inflammatory process.  Accordingly, 

our result showed that LYRM03 also significantly inhibited 
NO that was produced by AMs after the 24-h LPS stimulation 
(Figure 6C).

LYRM03 suppressed the Myd88-dependent TLR4 signaling path
way
As the direct receptor of LPS, TLR4 plays a critical role in LPS-
induced macrophage activation and inflammatory factor gen-
eration.  We investigated whether LYRM03 attenuated LPS-
induced ALI by modulating the TLR4 signaling pathway.  The 
Western blot result suggested a dose-dependent inhibition 
by LYRM03 of the LPS-induced expression of Myd88 (Figure 
6A and 6B), a crucial adaptor protein for the activated TLR4 
response.  Two traditional downstream pathways (IκB/NF-κB 
and MAPK) were also evaluated.  Alveolar macrophages were 
pretreated with LYRM03 (100 µmol/L) for 1 h and stimulated 
with LPS (100 ng/mL) for 5, 15, 30, 45, and 60 min.  IκB deg-
radation and p38 MAPK activation were assessed by Western 
blot.  After LPS treatments for 15, 30, and 45 min, IκB deg-
radation was significantly reduced in LYRM03-pretreated 
macrophages (Figure 7A and 7B, P<0.05), which indicated 
that LPS-induced IκB degradation was inhibited by LYRM03.  
The phosphorylated p38 MAPK was also reduced in the AMs 
that were treated with LYRM03/LPS compared to the AMs 
that were treated with LPS (Figure 7A and 7B), while the total 
p38 levels remained similar between the two groups (Figure 
7A).  Our result demonstrated that LYRM03 attenuated TLR4/
Myd88-dependent signaling pathways, where both IκB degra-
dation and p38 MAPK activation were inhibited.

Figure 1.  LYRM03 attenuated inflammatory cell accumulation in the lung tissues of ALI mice.  Mice were challenged with 5 mg/kg of LPS or 10 mg/kg 
of LYRM03 by an intratracheal injection.  Subsequent intraperitoneal (ip) injections with 10 mg/kg of LYRM03 were administered once (4 h groups) or 
twice (24 h groups) before the collections.  Control mice received PBS alone by injection.  (A, B) The chemical structures of Bestatin (ubenimex, A) and 
LYRM03 (B).  (C, D) The total BALF protein concentrations from mice after the LPS challenge for 4 h (C) and 24 h (D) were determined.  (E, F) LYRM03 
reduced MPO activity in LPS-induced ALI mice.  Values represent the mean±SD.  n>=5 mice in each group.  *P<0.05, **P<0.01.
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Discussion
Acute lung injury (ALI) is a life-threatening disorder that is 
often complicated by shock, sepsis, ischemia reperfusion, 
hyperoxia, and other ailments[1, 2].  Despite advances in the 
understanding of ALI pathophysiology, effective therapies 
and specific drugs for ALI treatments are lacking.  Thus, ALI 
and its severe form, ARDS, remain problematic in the clinic, 
with 30% to 40% mortality rates[23].

LYRM03 (3-amino-2-hydroxy-4-phenyl-valyl-isoleucine) 
is a novel derivative of ubenimex (a.k.a.Bestatin®), which is 
a widely used anti-tumor drug that is administered in com-
bination with chemotherapy and radiotherapy in the clinic.  

Ubenimex is a known inhibitor of various proteases, includ-
ing aminopeptidase N (APN/CD13).  APN/CD13 expression 
is dysregulated in inflammatory diseases and cancers[19].  It is 
likely that novel anti-cancer and anti-inflammatory drugs will 
be developed by designing new APN inhibitors or by synthe-
sizing derivatives of existing inhibitors, such as ubenimex[19].  
However, there is no evidence that addresses whether ubeni-
mex or its derivatives play roles in sepsis-mediated inflamma-

Figure 2.  LYRM03 attenuated pathological changes in ALI mice.  The 
lung lobes were collected, fixed and stained with H&E to assess ALI 
inflammation.  Panels in the left lane show histopathological images 
that represent the lungs of naïve mice that were treated for 4 h with 
PBS alone (A, untreated), LYRM03/PBS (B, LYRM03), LPS/PBS (C, 
LPS) or LPS/LYRM03 (D, LPS+LYRM03).  Panels in the right lane show 
histopathological images for naïve mice that were treated for 24 h with 
PBS alone (E, untreated), LYRM03/PBS (F, LYRM03), LPS/PBS (G, LPS) or 
LPS/ LYRM03 (H, LPS+LYRM03).  Representative images at the original 
magnification (×100) are shown with partially enlarged details.  The 
arrows indicate the infiltrated inflammatory cells.

Figure 3.  LYRM03 decreased pro-inflammatory cytokine expression and 
release in ALI mice.  The lung lobes and BALF from mice that were treated 
with PBS, LPS/PBS and LPS/LYRM03 for 4 h were individually collected.  
(A–D) Total RNA was isolated from each lung homogenate, and mRNA 
expression levels of TNF-α (A), IL-6 (B), IL-1β (C), and MIP-2 (D) were 
quantified by real-time PCR.  The values represent the mean±SD. n=5.  
*P<0.05, **P<0.01.  (E, F) The IL-6 (E) and TNF-α (F) concentrations in the 
BALF were quantified using commercial ELISA kits.  The values represent 
the mean±SD.  n=4.  *P<0.05, **P<0.01.
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tion.  The present study focused on the effect of LYRM03, an 
ubenimex derivative, in an LPS-induced murine ALI model 
that was broadly used to recapitulate the characteristics of 
human ALI[24].  

During the ALI process, common pathological changes are 
observed, such as injuries to the capillary endothelium and 
pulmonary epithelium and the increased permeability of the 
alveolar-capillary barrier[1, 2]; this leads to flooding of the air-
spaces by protein-rich edema fluid and severe gas-exchange 
abnormalities.  In our study, the LYRM03 treatment improved 
the lung pathologic changes and reduced the BALF protein 
concentrations in mice that were challenged with LPS for 4 
and 24 h.  The anti-inflammatory effects of LYRM03 were 
more prominent than those of its parent molecule, ubenimex 
(data not shown).  Therefore, our subsequent studies focused 
on how LYRM03 alleviated endotoxin-induced ALI.

Inflammatory cell infiltration into the lung tissue is widely 
accepted as a typical characteristic of ALI.  Two major inflam-
matory cell types, neutrophils and macrophages, significantly 
accumulate in the lung and contribute to ALI[25, 26].  MPO 
activity is proportional to the neutrophil number and is a key 
marker of lung injury [27].  The results of the MPO activity assay 
were consistent with the pulmonary edema and histological 
analyses, which suggested that LYRM03 could alleviate LPS-

induced lung inflammation during the entire ALI process.
Based on the lung microenvironment, on lung disease pro-

gression and in response to various stimulations, alveolar 
macrophages (AMs) switch to the classically activated pheno-
type or the alternatively activated phenotype[28].  Activation 
of AMs into the classically activated phenotype is typical of 
LPS-induced ALI.  In response to LPS stimulation, classi-
cally activated AMs excessively release pro-inflammatory 
cytokines, including TNF-α, IL-1β, and IL-6, which elicit the 

Figure 4.  LYRM03 inhibited iNOS and COX-2 expression in the lungs of 
ALI mice.  The lung lobes of mice that were treated with PBS, LPS/PBS 
and LPS/LYRM03 for 24 h were collected.  (A) Western blot analysis of 
iNOS and COX-2 protein expression in the lungs of control mice, ALI mice 
and ALI mice that were treated with LYRM03.  (B) The ratios of iNOS or 
COX-2 to β-actin are shown in the densitometry.  Statistical analyses were 
performed with the Student’s t-test.  *P<0.05.  n=3.

Figure 5.  LYRM03 inhibited the LPS-induced expression of inflammatory 
factors in alveolar macrophages.  Alveolar macrophages were isolated 
from murine lung tissues.  Cells were collected and incubated with or 
without LYRM03 (100 µmol/L) for 1 h, followed by treatments with LPS (100 
ng/mL) for 0, 2, and 4 h.  The expression levels of TNF-α (A), IL-6 (B), IL-
1β.  (C), MIP-2 (D), iNOS (E), and COX-2 (F) were measured by quantitative 
PCR.  The values represent the mean±SD.  n=4.  *P<0.05, **P<0.01.



348
www.nature.com/aps

He HQ et al

Acta Pharmacologica Sinica

inflammatory cascade and cause further damage to epithelial 
and endothelial cells in the lung[29].  MIP-2, a chemotactic cyto-
kine, is primarily produced by LPS-activated AMs and further 
induces the synthesis and release of TNF-α, IL-1β, and IL-6 
from alveolar epithelial cells and macrophages; MIP-2 also 
triggers neutrophil accumulation into the lung tissue.  iNOS 
and COX-2 are two major products of classically activated 
AMs, where they are highly expressed.  iNOS and COX-2 are 
responsible for NO and prostaglandin E2 (PGE2) production, 
respectively.  Excessive amounts of NO react with superoxide 
to form peroxynitrite and directly damage the capillary endo-
thelium and pulmonary epithelium, which are key events in 
sepsis-induced ALI pathogenesis[30, 31].  COX-2 overexpression 
and high PGE2 levels in response to inflammatory stimuli also 
contribute to various inflammatory diseases, including ALI[32].  
The LYRM03 treatment in ALI mice significantly decreased 

the production of the inflammatory cytokines and factors in 
the lung and BALF.  Moreover, LYRM03 also significantly 
reduced the expression of these pro-inflammatory mediators 
in LPS-activated AMs in vitro.  Therefore, LYRM03 exerted 
protective effects against LPS-induced ALI by inhibiting the 
inflammatory mediators.  

LPS-TLR4 signaling is important for AM activation and 
plays a pivotal role in the initiation, amplification and  
perpetuation of the inflammatory response during ALI.  Previ-
ous studies have shown that TLR4 mutant (C3H/HeJ) mice 
are hypo-responsive to LPS[33] and do not develop ALI after 
an aerosolized LPS treatment[34].  TLR4 gene knockdown with 
small interference RNA significantly reduces LPS-induced 
production of pro-inflammatory cytokines in vitro and in vivo, 
which results in the alleviation of LPS-induced acute lung 
injury[35].  These findings suggest that TLR4 signaling serves as 

Figure 6.  Dose-dependent reduction of iNOS, COX-2, and Myd88 expression by LYRM03 in LPS-activated alveolar macrophages.  Alveolar macrophages 
were collected and incubated with or without LYRM03 (0, 50, 100, and 500 µmol/L) for 1 h.  Cells were treated with LPS (100 ng/mL) for 16 h.  Control 
cells were incubated with the cell culture medium.  (A) Western blot analysis of the iNOS, COX-2, and Myd88 proteins in alveolar macrophages.  β-Actin 
was used as the loading control.  (B) The ratios of iNOS, COX-2, and Myd88 to β-actin are shown in the densitometry.  (C) The culture supernatant was 
collected, and the NO levels were measured using Griess reagent at 24 h.  Statistical analyses were performed with Student’s t-test.  *P<0.05, **P<0.01.  
ns (not significant).  n=3.
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a critical pathway in LPS-induced ALI.  The results of our in 
vitro analysis indicated that LYRM03 significantly decreased 
the expression of Myd88, which is one of two crucial adapter 
proteins in the activated TLR4 response.  The subsequent 
analysis confirmed that LYRM03 suppressed the Myd88-
dependent LPS-TLR4 signaling pathways, including the p38 
MAPK and IκB/NF-κB pathways.  The pretreatment with 
LYRM03 inhibited p38 MAPK phosphorylation and delayed 
IκB protein degradation, which masked the NF-κB nuclear 
localization signals to maintain NF-κB in an inactive state.  The 
p38 MAPK suppression and prolonged NF-κB inactivation 
inhibited downstream transcription and expression of pro-

inflammatory mediators, including cytokines (TNF-α, IL-1β, 
and IL-6), chemokines (MIP-2), and inflammation-related pro-
teins (iNOS and COX-2)[23].  Our study suggested that LYRM03 
inhibited inflammatory mediator production by suppressing 
the Myd88-dependent TLR4 pathway.  Additionally, although 
LYRM03 is a derivative of ubenimex, its substrate is unlikely 
to be APN/CD13.  A recent study revealed that myeloid 
APN/CD13 negatively regulated TLR4 signaling by govern-
ing TLR4 internalization and subsequent innate signaling cas-
cades[36].  It is likely that an APN/CD13 inhibitor will enhance 
TLR4-mediated inflammatory responsiveness.  Consequently, 
the molecular target of LYRM03 in macrophage activation and 
TLR4-mediated signaling will need to be defined further.  

Conclusion
The present study showed that LYRM03, a synthetic deriva-
tive of ubenimex, exerted a protective effect against LPS-
induced ALI.  The LYRM03 treatment in ALI mice reduced 
inflammatory cell infiltration, decreased pro-inflammatory 
cytokine expression and alleviated pathologic changes in the 
lung tissue.  In vitro analyses indicated that LYRM03 inhib-
ited the LPS-stimulated expression of inflammatory cytokines 
(TNF-α, IL-6, IL-1β, and MIP-2) and proteins (iNOS and COX-
2) in alveolar macrophages that were isolated from the murine 
lung.  The analyses further revealed that LYRM03 suppressed 
Myd88 expression and significantly repressed the MAPK 
and IκB/NF-κB pathways in a time-dependent manner by 
inhibiting p38 MAPK phosphorylation and IκB degradation.  
Our results suggest that LYRM03 primarily attenuated LPS-
induced inflammation and lung injury by suppressing Myd88-
dependent TLR4 signaling in alveolar macrophages.  As a 
novel derivative of the old drug, LYRM03 may be a potential 
therapeutic agent for future ALI treatments.
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