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The AKT inhibitor MK2206 suppresses airway
inflammation and the pro-remodeling pathway
in a TDI-induced asthma mouse model
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Abstract. The cellular and molecular mechanisms via which
MK?2206, an AKT inhibitor, prevents the activation of AKT in
toluene diisocyanate (TDI)-induced asthma remain unclear.
Thus, the present study aimed to evaluate the potential effects
of MK2206 on airway AKT activation, inflammation and
remodeling in a TDI-induced mouse model of asthma. A total
of 24 BALB/c mice were selected and randomly divided into
untreated (AOO), asthma (TDI), MK2206 (TDI + MK?2206),
and dexamethasone (TDI + DEX) groups. Phosphorylated
AKT (p-AKT), total AKT, airway remodeling indices,
a-smooth muscle actin (a-SMA) and collagen I levels in
pulmonary tissue were measured using western blotting.
Airway inflammation factors, including interleukin (IL)-4, -5,
-6, and -13 in bronchoalveolar lavage fluid (BALF) and IgE
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in serum, were determined using ELISA. Additionally, the
airway hyperresponsiveness (AHR) and pulmonary pathology
of all groups were evaluated. The results of the present study
demonstrated that p-AKT levels in lung protein lysate were
upregulated, and neutrophil, eosinophil and lymphocyte
counts were increased in the lungs obtained from the asthma
group compared with the AOO group. Both MK2206 and
DEX treatment in TDI-induced mice resulted not only in the
attenuation of AKT phosphorylation, but also reductions in
neutrophil, eosinophil and lymphocyte counts in the lungs of
mice in the asthma group. Consistently, increases in the levels
of the inflammatory cytokines IL-4, -5, -6 and -13 analyzed in
BALF, and serum IgE in the TDI group were demonstrated to
be attenuated in the TDI + MK2206 and TDI + DEX groups.
Furthermore, a-SMA and AHR were significantly attenuated
in the TDI + MK?2206 group compared with the TDI group.
These results revealed that MK2206 not only inhibited AKT
activation, but also served a role in downregulating airway
inflammation and airway remodeling in chemical-induced
asthma. Therefore, the findings of the present study may
provide important insight into further combination therapy.

Introduction

Bronchial asthma is a heterogeneous disease characterized
by chronic airway inflammation (1). There are ~235 million
individuals suffering from asthma worldwide (2). Toluene
diisocyanate (TDI), a chemical intermediate used in the manu-
facture of several synthetic materials, is considered as the most
common causative agent of occupational asthma and accounts
for 9-15% of cases in adults (3-6). The clinical manifestations
and pathological changes of TDI-induced asthma are similar
to those of allergic asthma; however, the pathogenesis of
TDI-induced asthma still remains obscure (7). In an animal
model of TDI-induced asthma, chronic airway inflammation
and bronchial hyperreactivity were observed, along with the
overexpression of inflammatory cytokines (8). These condi-
tions were found to be associated with the airway submucosal
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infiltration of neutrophils, lymphocytes and eosinophils (8).In
addition, previous studies have suggested that animals with
asthma exhibit elevated concentrations of interleukin (IL)-4,
-5, and -13 in the bronchoalveolar lavage fluid (BALF), lung
and serum (9-11).

High mobility group box 1 (HMGBI) is a classic
inflammatory cytokine that is overexpressed in the lungs of
asthmatic animals (12). HMGBI is a highly conserved nuclear
protein that is secreted by immune cell lineages following
the stimulation of inflammatory cytokines such as tumor
necrosis factor-a and IL-1 (13). IL-1 functions upstream of
HMGBI (14) however, there are no relevant reports regarding
the mechanisms through which IL-1 can stimulate the secre-
tion of HMGBI. In mammals, HMGBI serves a pivotal role
in mediating inflammation, and is strongly associated with
the pathological processes of sepsis, pneumonia, arthritis and
other diseases (13,15).

Airway eosinophilia and related inflammatory cytokines
contribute substantially to the airway hyperresponsiveness of
asthma (1,16). In this process, the typical pathological altera-
tions in airway remodeling include the hyperplasia of goblet
cells and myofibroblasts, and deposition of collagen, which
is secondary to airway inflammation in the pathology of
asthma (17). As a marker for fibroblasts and a factor involved
in the differentiation of epithelial cells into myofibroblasts,
the expression levels of a-smooth muscle actin (a-SMA)
indicate the formation of subepithelial fibrosis (18). In past
decades, a-SMA was reported to be an important biomarker
of airway remodeling in asthma (19) by indicating the deposi-
tion of collagen I. Furthermore, overexpression of fibroblastic
collagen I and a-SMA have been reported to further aggravate
airway remodeling (20).

MK?2206 is an allosteric small-molecule inhibitor of AKT
and exhibits promising clinical potential in the treatment of
solid tumors (21,22). AKT is an archetypal family member of
the Ser/Thr protein kinases and downstream effector of the
PI3K signaling pathway (23). Our previous study reported
the importance of PI3K in asthma (24). The AKT signaling
pathway is activated by phosphorylation of AKT, which
subsequently activates downstream inflammatory cytokines
to regulate airway smooth muscle (ASM) and inflamma-
tory cells (23). Studies have observed that the structure and
function of ASM change in patients with asthma and animal
models (25,26). However, the potential role of MK2206 in
airway inflammation or remodeling as a result of asthma is
still unclear.

Our previous study reported that the pathological changes
of asthma in a TDI-induced animal model closely resemble
the acute stage of human TDI asthma (27). Using this model,
the effect of the AKT inhibitor, MK2206, on airway inflam-
mation, airway remodeling and airway hyperresponsiveness
(AHR) triggered by TDI-induced asthma, and the possible
mechanisms were investigated. The results of the present study
indicated the potential application of AKT inhibitors in the
treatment of occupational asthma.

Materials and methods

Animals and drugs. A total of 24 male BALB/C mice
(6-8 weeks old, 20+2 g) were purchased from the Experimental
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Animal Center of Southern Medical University. Mice were
housed in a specific pathogen-free environment at a constant
temperature of 23+1°C and 55+5% humidity, and provided
with standard laboratory diet and drinking water ad libitum in
a 12-h dark/light cycle. All mice were fed irradiated food and
given access to sterile water. The study protocol for animals
was approved by Southern Medical University Experimental
Animal Ethics Committee (approval no. L2017177).

TDI (=98.0%), methacholine and acetone (all Sigma-Aldrich;
Merck KGaA) were administered to mice to establish
TDI-induced asthma models. A 2:3 mixture of acetone and
olive oil (AOO) was used to dissolve TDI, and was also used
as the vehicle treatment for the study control group. For airway
challenge, a 1:4 mixture of AOO was used.

Models and groups. All mice were separated into four groups
randomly (n=6/group): i) Acetone and olive oil (AOO); ii) TDI;
iii) TDI + MK?2206; and iv) TDI + dexamethasone (DEX).
Mice in the control AOO group were treated using the same
procedure as the TDI asthma model group (except for the use
of TDI). In this control group (AOO), mice were sensitized
with AOO on the dorsa of both ears dermally (20 ul/ear
applied topically) on day 1 and day 8. They received an injec-
tion of saline 24 h prior to challenge. On days 15, 18 and 21, the
mice were raised in horizontal cylindrical niches individually
and challenged using air with AOO. The TDI group was estab-
lished according to our previously published studies (24,28).
On days 1 and 8, mice were sensitized using TDI (0.3%) on the
dorsa of both ears dermally (20 pl/ear). Then, the mice were
managed in horizontal cylindrical niches individually and
challenged using air with TDI (3%) that was dissolved in a 1:4
mixture of AOO with a compressed air nebulizer (NE-C28;
Omron) for 3 h on days 15, 18 and 21. Saline was injected
intraperitoneally 24 h before the TDI challenge, which acted
as a vehicle control for the MK2206 and DEX treatments. In
the TDI + MK?2206 group, mice were treated using the same
procedure as that for the TDI group; however, they were
treated with 100 mg/kg MK?2206 in saline using oral gavage
24 h before the air challenge. Mice in the TDI + DEX group
were treated using the same procedure as that for the TDI
group; they were injected with 200 mg/kg DEX in saline 24 h
before the air challenge. All animals were sacrificed using
cervical dislocation under anesthesia (60 mg/kg intraperito-
neal pentobarbital sodium) at the end of the study. The total
duration of the study was less than 4 weeks and lung tissues
were collected after animal sacrifice.

Immunohistochemistry. The lung tissues were fixed in
10% formalin at room temperature for 24 h, and embedded
in paraffin. Sections of the samples were deparaffinized and
submerged into citrate buffer for antigen retrieval (pH 6.0). To
block endogenous peroxidase activity, each section (2.5-ym
thick) was incubated with 0.3% H,0O, at room temperature for
10 min. After blocking in 5% bovine serum albumin (Beijing
ZSGB-BIO Technology, Ltd.) for 20 min at room temperature,
the sections were incubated with primary antibody either
rabbit anti-a-SMA (1:100; cat. no. 23081-1-AP; Proteintech
Group, Inc.) or rabbit anti-phosphorylated-AKT (p-AKT;
1:100; cat. no. 66444-1-Ig; Proteintech Group, Inc.) anti-
bodies overnight at 4°C. The next day, sections were washed
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three times using PBS, then incubated with biotin-conjugated
anti-rabbit IgG (1:100; cat. no. BM2004; Wuhan Boster
Biological Technology, Ltd.) secondary antibody for 20 min
at room temperature. Lastly, the sections were incubated with
HRP-streptavidin (1:1,000; cat. no. BIR701-3; Beijing Borsi
Technology Co., Ltd.) at room temperature for 10 min, then
visualized using a DAB peroxidase kit (1:20; cat. no. AR1000;
Wuhan Boster Biological Technology, Ltd.) at room tempera-
ture for 1 min, then counterstained with hematoxylin at room
temperature for 3 min. Each stained sections were examined in
at least five random visual fields using an Olympus BX53 light
microscope (Olympus Corporation; magnification, x200).

Western blotting (WB). Total protein from each lung tissue
was extracted from the cells via lysis with RIPA lysis buffer
(Beyotime Institute of Biotechnology). The protein content
of the lysate was determined using a bicinchoninic acid
assay kit (Beyotime Institute of Biotechnology) according
to the manufacturer's protocol. Protein samples (40 ng
protein/sample) were resolved using 10% SDS-PAGE; the
separated proteins were transferred onto polyvinylidene
difluoride (PVDF) membranes. Next, the blots were blocked
with 5% BSA in TBS-0.05% Tween-20 (TBST) at room
temperature for 1 h, and incubated with antibodies against
AKT (1:1,000; cat. no. 10176-2-AP), p-AKT (1:1,000;
cat. no. 66444-1-Ig), a-SMA (1:1,000; cat. no. 23081-1-AP),
HMGBI (1:1,000; cat. no. 66525-1-Ig), collagen I (1:1,000;
cat. no. 66761-1-Ig) and GAPDH (1:1,000; cat. no. 60004-1-1g)
all purchased from ProteinTech Group, Inc. overnight at 4°C.
The membranes were washed three times with TBST and
incubated with biotin-conjugated goat anti-mouse IgG
secondary antibody (1:1,000; cat. no. SA00004-1; ProteinTech
Group, Inc.) or biotin-conjugated donkey anti-rabbit IgG
(1:1,000; cat. no. SA00004-11; ProteinTech Group, Inc.).
After incubating with HRP-streptavidin (1:5,000; BIR701-3;
Beijing Borsi Technology Co., Ltd.) at room temperature for
30 min, the blots were visualized using ECL reagent (100 ul
per membrane; cat. no. ab133406; Abcam) with a Tanon 5200
Automatic chemiluminescence imaging analysis system
(Tanon Science and Technology Co., Ltd.). The gray value of
the blots were quantified by ImagelJ software (1.48v; National
Institutes of Health).

Measurement of bronchoalveolar lavage fluids. BALF was
collected and centrifuged at 1,000 x g for 10 min at 4°C. The
recovered lavage solution was centrifuged at room tempera-
ture at 162 x g for 10 min The total cell number in the BALF
of each mouse was counted manually by direct microscopic
counting using an Olympus BX53 light microscope (Olympus
Corporation; magnification, x400). The supernatant was
collected and stored at -80°C for multiplex immunoassay
analyses of IL-4, -5, -6 and -13 (cat. no. EK0405; EK0408;
EKO0411; EK0425; Wuhan Boster Biological Technology, Ltd.)
in accordance with the manufacturer's protocols. The cell
pellet was resuspended in 50 ul saline, and the total number
of cells was counted. The cells were then smeared rapidly
and uniformly, and allowed to dry naturally. The slides were
then fixed with 4% paraformaldehyde for 30 min, then stained
with hematoxylin and eosin (H&E; Beijing Solarbio Science
& Technology Co., Ltd.). The slides were examined using
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an Olympus BX53 light microscope (Olympus Corporation;
magnification, x400).

Hematoxylin and eosin. The left lung was fixed with 4% para-
formaldehyde for 24 h, then dehydrated with gradient alcohol.
Tissues were then incubated in with xylene for 15 min and
embedded with paraffin. Tissue was sectioned to a thickness
of 4 ym, and individual sections were allowed to adhere on
slides and dried naturally. The slides were then incubated
at 60°C overnight, dewaxed, stained with hematoxylin for
1 min, and rinsed with tap water for several seconds to remove
excess dye. The cells were acidified with 0.5% hydrochloric
acid alcohol (prepared with 70% ethanol) for 2-5 sec until the
nuclei were blue and the cytoplasm was almost colorless. The
slides were then stained with 1% eosin for 30 sec, then rinsed
with running water. The slides were then dehydrated with an
ascending ethanol gradient, treated with xylene and sealed
with neutral gum. The infiltration of inflammatory cells in
bronchial mucosa and perivascular were examined (magnifica-
tion, x200 for lung tissue or x400 for cells in the BALF) under
an Olympus BX53 light microscope (Olympus Corporation).
The experiment was carried out at room temperature, unless
otherwise specified.

Serum IgE measurements. Blood samples from the retro-orbital
venous sinus were collected immediately after the mice were
sacrificed by decapitation following anesthesia with intra-
peritoneal injection of 50 mg/kg pentobarbital, and stored at
room temperature for 1 h. The supernatants were harvested
and stored at -80°C after centrifugation at 3,000 x g for 10 min
at 37°C. Serum IgE levels were measured using an IgE ELISA
kit (cat. no. ASB-OKIA00100; NeoBioscience Technology
Co., Ltd.) according to the manufacturer's protocol.

Assessment of AHR. On day 22 of model establishment,
mice were placed in a barometric plethysmographic chamber
(Data Sciences International; Harvard Bioscience, Inc.) and
challenged by increasing gradient concentrations of metha-
choline (3.12, 6.25, 12.5, 25 or 50 mg/ml) using ultrasonic
nebulization. The aerosols were prepared using an ultrasonic
nebulizer (Data Sciences International; Harvard Bioscience,
Inc.) and nebulized into the chamber for 3 min. After each
atomization, the pressure fluctuations caused due to the
breathing of mice were monitored for 3 min and then quanti-
fied using the enhanced pause algorithm (Penh, dimensionless
parameter), which represented the precise resistance index for
airway recovery (29,30).

Histological measurements in lungs. The left lungs of mice
were harvested and fixed in 4% paraformaldehyde at room
temperature for 24 h. After dehydration and paraffin embed-
ding, coated glass slides with 4-um sections were stained
with H&E. Blinded histological assessment was performed
as previously described (31). Briefly, peribronchial and peri-
vascular inflammation was measured by using the following
scoring standard: O=normal; l=infrequent inflammatory
cells; 2=a ring of inflammatory cells 1 cell-layer deep; 3=a
ring of inflammatory cells 2-4 cells deep; and 4=a ring of
inflammatory cells >4 cells deep. The histological scores and
average epithelial reticular basement membrane thickness
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(measured manually) were calculated using an Olympus BX53
light microscope (Olympus Corporation; agnification, x200)
and at least 40 fields of 20 sections from each mouse were
recorded.

To quantify goblet cell numbers in the epithelium, the
paraffin-embedded samples were cut into 5-6-um sections
and stained with periodic acid-Schiff (PAS) at room tempera-
ture for 10 min. The results of PAS staining were assessed
in at least five random fields under an Olympus BX53 light
microscope (Olympus Corporation; magnification, x200).
The hyperplasia goblet cells were quantified as previously
described (32). The pathological changes were classified using
a modified five-point scoring system (grades 0-4) based on the
percentage of goblet cells in the epithelium: Grade 0 (no goblet
cells); grade 1 (<25%); grade 2 (25-50%); grade 3 (51-75%);
and grade 4 (>75%). The mean scores of the 6 mice in each
group were calculated.

Immunofluorescence measurements. The 16HBE cell
line (American Type Culture Collection) was cultured
with RPMI-1640 containing 10% FBS (both from Gibco;
Thermo Fisher Scientific, Inc.) in a cell-culture incubator
at 37°C with 5% CO,. At 90% confluence, cells were placed
on a coverslip in six-well plates at a density of 2x10° cells/well.
MK?2206 (1 ug/ml) or DEX (1 ug/ml) was added to the medium
1 h before TDI (60 pg/ml) exposure for 6 h. For immunocyto-
chemistry, cells were fixed in 4% formaldehyde-PBS at room
temperature for 10 min, permeabilized in 0.5% Triton X-100
at room temperature for 5 min and blocked with 5% (w/v) BSA
for 1 h at room temperature, followed by overnight incubation
with anti-a-SMA (1:100; cat. no. 23081-1-AP; ProteinTech
Group, Inc.) and anti-HMGBI1 (1:100; cat. no. 66525-1-1g;
ProteinTech Group, Inc.) antibodies at 4°C. The next day,
cells were washed in three times PBS and incubated with
Alexa Fluor® 488-labeled goat anti-mouse IgG antibody
(1:1,000; cat. no. SA0O0004-11; ProteinTech Group, Inc.) at
room temperature for 1 h in the dark. The nuclei were stained
with DAPI (Beyotime Institute of Biotechnology) at room
temperature for 10 min. The immunofluorescence of a-SMA
and HMGBI1 was observed at x200 magnification using a
laser-scanning confocal microscope (Olympus Corporation).
The immunofluorescence was quantified by ImagelJ software
(1.48v; National Institutes of Health).

Statistical analysis. Data were presented as the mean + SEM of
three experiments. One-way ANOVA followed by Bonferroni
post hoc testing was performed to compare differences
between multiple groups for continuous data; Kruskal-Wallis
test followed by Dunn's multiple comparison test was used
for ordinal data. All statistical analyses were conducted using
SPSS 13.0 (SPSS, Inc.) or GraphPad Prism 8 (GraphPad
Software, Inc.) for continuous or ordinal data, respectively.
P<0.05 was considered to indicate a statistically significant
difference.

Results
MK2206 inhibits AKT, p-AKT, collagen I, a-SMA and

HMGBI in lung tissue. The expression levels of collagen I,
o-SMA, HMGBI and p-AKT were significantly upregulated
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in the TDI group compared with those in the AOO group
(P<0.05; Fig. 1A-B). In addition, compared with the TDIgroup,
the expression levels of collagen I, a-SMA, HMGBI1 and
p-AKT in the TDI + MK2206 and TDI + DEX groups were
significantly decreased (P<0.05; Fig. 1A-B).

MK2206 reduces AHR. In the present study, airway reactivity
was measured at 24 h after an air challenge. With an increase
in methacholine concentration, the Penh value of airway
reactivity demonstrated an upward trend in all groups. The
airway reactivity was significantly increased in the TDI group
compared with the AOO, TDI + MK2206 and TDI + DEX
groups (P<0.05; Fig. 2). In addition, no significant differ-
ences were observed between the airway responsiveness of
the AOO, TDI + MK?2206 and TDI + DEX groups (P>0.05;
Fig. 2).

MK?2206 reduces airway inflammation. To assess the effect
of MK2206 on TDI-induced allergic airway inflammation,
the levels of cytokines in BALF and total serum IgE were
determined. The results demonstrated that the levels of 1L-4,
-5, -6 and -13, and serum IgE were significantly increased
in the TDI group compared with those of the AOO group
(P<0.05; Fig. 3A and B). In addition, the TDI + MK?2206 and
TDI + DEX groups demonstrated significantly lower levels of
IL-4, -5, -6 and-13, and serum IgE compared with those of the
TDI group (P<0.05; Fig. 3A and B).

Total cell counts and percentages of different immune cells
were assessed in the BALF. The results demonstrated that
the number of neutrophils and eosinophils were significantly
higher in the TDI group compared with those of the AOO
group (P<0.05; Fig. 4A and B). This finding suggested that TDI
triggered inflammatory responses. Conversely, compared with
the AOO group, the number of macrophages in the TDI group
was significantly reduced (P<0.05; Fig. 4B). In addition, the
number of neutrophils and eosinophils in the TDI + MK2206
and TDI + DEX groups were significantly lower compared
with those of the TDI group (P<0.05; Fig. 4A and B), but no
significant differences were observed in the lymphocyte and
macrophage count (Fig. 4A and B). Additionally, the total
cell count in the BALF was significantly increased in the
TDI group compared to that of AOO group (P<0.05; Fig. 4C),
whereas that of the TDI + MK2206 was significantly lower
compared to that of the TDI group (P<0.05; Fig. 4C). These
results suggested that MK2206 and DEX served protective
roles in airway inflammation.

In the AOO group, bronchial, alveolar and vascular
structures appeared normal and intact; the infiltration
of inflammatory cells around the bronchial wall was not
observed and the bronchial epithelial cells were not prolif-
erated or shed (Fig. 4A). In contrast, in the TDI group, the
airway epithelium started to shed, epithelial cell proliferation
and mucous secretion increased, and numerous neutrophils,
eosinophils and lymphocytes infiltrated the tube wall
(Fig. 4A). In addition, compared with the TDI group, the
inflammation scores of the TDI + MK2206 and TDI + DEX
groups were significantly decreased (P<0.05; Fig. 4D), mani-
festation of inflammation appeared to be slightly attenuated
and airway epithelial hyperplastic differentiation was weak-
ened (Fig. 4B-D).
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Figure 1. Effect of MK2206 on AKT phosphorylation in lung tissue. (A) Immunohistochemistry analysis of p-AKT and a-SMA among four groups. (B) Western
blot analysis of lung tissue from four groups, and data analysis of the blots. Data are presented as the mean = SEM (n=6/group). "P<0.05 vs. AOO group; “P<0.05
vs. TDI group. p-AKT, phosphorylated-AKT; a-SMA, a-smooth muscle actin; TDI, toluene diisocyanate; AOO, acetone and olive oil; DEX, dexamethasone;
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Figure 2. Effects of MK2206 on TDI-induced AHR. AHR to methacholine
was measured 24 h after the last TDI challenge. Data are presented as the
mean = SEM (n=6/group). "P<0.05 vs. AOO group; P<0.05 vs. TDI group.
AHR, airway hyperresponsiveness; TDI, toluene diisocyanate; AOO, acetone
and olive oil; DEX, dexamethasone.

MK2206 inhibits airway remodeling. PAS staining demon-
strated that goblet cells occupied the largest proportion
of cells in the TDI group, compared with the AOO group.

The proportion of goblet cells was reduced following
MK?2206 and DEX treatment (Fig. 5A). In addition, the
PAS score and basement membrane thickness in the TDI
group were significantly increased compared with the
AOO group (P<0.05; Fig. 5B and C). Conversely, the PAS
scores and basement membrane thickness in the TDI +
MK2206 and TDI + DEX groups were significantly
decreased compared with those of the TDI group (P<0.05;
Fig. 5B and C).

MK2206 suppresses AKT activation in TDI-treated 16HBE
cells. Results from in vitro studies demonstrated that AKT
was activated, and the expression of a-SMA and HMGB1 was
upregulated in 16HBE cells after TDI stimulation (P<0.05;
Fig. 6A and B). In addition, the results from WB demonstrated
that the activation of AKT was inhibited, and the expression
of a-SMA and HMGBI1 was downregulated by MK2206
(P<0.05; Fig. 6C). In order to further elucidate the redistribu-
tion of a-SMA and HMGBI1 in 16HBE cells, the distribution of
a-SMA and HMGBI were examined and quantified. Confocal
microscopy demonstrated different distributions of a-SMA
and HMGBI between the TDI group and the other groups,
and increased a-SMA and HMGBI translocation into the
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AOQ, acetone and olive oil; DEX, dexamethasone.
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Figure 5. Effects of MK2206 on goblet cell hyperplasia in lung tissue. (A) Paraffin-embedded tissue sections stained with PAS. (B) Goblet cell hyperplasia
quantification based on the percentage of goblet cells in the epithelium. (C) Quantification of average epithelial reticular basement membrane thickness
measurement. Data are presented as the mean £ SEM (n=6/group). "P<0.05 vs. AOO group; "P<0.05 vs. TDI group. TDI, toluene diisocyanate; AOO, acetone

and olive oil; DEX, dexamethasone; PAS, periodic acid-Schiff.

cytosol in the TDI group, compared with all other groups
(P<0.05; Fig. 7A-C). These data suggested that AKT phos-
phorylation inhibition may serve a crucial role in TDI-induced
redistribution of a-SMA and HMGBI.

Discussion

Although asthma can be currently managed by attenuating the
symptoms in most cases, 5-10% of patients still suffer from
severe asthma and cannot be treated effectively (33). Severe
asthma displays a high rate of morbidity and mortality, and has
been reported to be responsible for 50% of all asthma-related
treatment costs (34,35). Activation of AKT can accelerate
tumorigenesis and suppress tumor invasion in transgenic
mouse models (36,37). Clinical studies mainly focus on the
inhibition of AKT by MK?2206 in cancer; for example, a
phase II study revealed that MK2206 + erlotinib is an effec-
tive combination in advanced non-small cell lung cancer (38).
However, the effect of MK2206 in asthma remains unclear.
The present study aimed to find alternative treatments with
fewer side effects in the management of asthma. The results
of the present study suggested that MK2206 may attenuate
airway inflammation and remodeling induced by TDI treat-
ment by inhibiting AKT phosphorylation. These findings
suggested that MK2206 may be a potential drug candidate for
the treatment of asthma.

In the present study, an airway challenge with TDI
significantly elevated the levels of p-AKT and induced airway
inflammation. This inflammation was indicated by the upregu-
lation of inflammatory cytokines in the BALF, increased

serum IgE levels and elevated numbers of inflammatory cells.
DEX was used as a positive control to evaluate the role of
MK?2206 in the TDI mouse model of asthma. Glucocorticoids,
as the cornerstone of the treatment of asthma disease, serve
an important role in inhibiting airway inflammation in
asthma (35). In the TDI asthma model, glucocorticoids can
not only inhibit airway inflammation, but also protect airway
barrier function (39). However, glucocorticoids may increase
the risks of severe systemic diseases such as osteoporosis,
diabetes and obesity (8,40). Notably, the results of the present
study demonstrated that TDI treatment resulted in airway
remodeling of the lung as indicated by goblet cell hyperplasia;
it also increased the production of a-SMA and collagen I.
However, the levels of airway inflammation and remodeling
were significantly inhibited after MK2206 administration.
MK?2206 displayed similar inhibitory effects on AKT phos-
phorylation, airway inflammation and airway remodeling as
DEX, a well-known drug recommended for the treatment of
severe asthma (39).

TDI exposure resulted in the infiltration of airway
inflammatory cells. Enhanced production of the inflamma-
tory factors IL-4, -5 and -13 was observed in asthma and
also found to be expressed abnormally in the TDI-induced
asthma mouse model (21). The activation of T cells is medi-
ated by IL-4, and IL-13 is associated with increased airway
mucous secretion and bronchial hyperresponsiveness (41,42).
IL-13 expression enhances smooth muscle strength, and
results in airway hyperresponsiveness (25) independent of
T and B cells (26). Additionally, IL-6, as a pivotal regulator
of inflammation, is elevated in the airways consistently in
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Figure 6. MK2206 suppresses AKT activation in TDI-treated 16HBE cells. (A) TDI induced the activation of the AKT. 16HBE cells were exposed to different
concentration of TDI (20-100 pg/ml) for 30 min. "P<0.05 vs. Ctrl group. (B) Time course of TDI-induced AKT activation. Cells were stimulated with 60 pg/ml
TDI for the indicated times. (C) Effect of MK2206 on AKT activation induced by TDI. Cells were stimulated with 60 pg/ml TDI for 90 min after treatment
with 1 yg/ml MK2206 or 1 pg/ml DEX for 1 h. Data are presented as the mean + SEM (n=6/group). ‘P<0.05 vs. AOO group; “P<0.05 vs. TDI group. TDI,
toluene diisocyanate; AOQO, acetone and olive oil; DEX, dexamethasone; p-AKT, phosphorylated AKT; a-SMA, a-smooth muscle actin, HMGBI, high

mobility group box 1.

children and adults with asthma. Additionally, IL-6 levels are
considered to be an indicator of forced expiratory volume
in 1 sec and forced vital capacity (24,27). Consistent with
previous studies (4,23,28), the results of the present study
indicated that p-AKT was found to be significantly elevated
in the TDI group, which demonstrated its involvement in
airway inflammation.

MK?2206 inhibits the autophosphorylation of AKT and
phosphorylation of downstream signals that mediate airway
inflammation by regulating further granulocyte recruit-
ment (28). Thus, the inhibition of AKT phosphorylation is
one of the important steps in the signaling pathway involved
in the immune response, which regulates the transcription

activity of pro-inflammatory cytokine genes such as IL-4
and IL-13 (43). Tang et al (44) reported that AKT activation
increases IL-6 expression in human lung epithelial cells, and
AKT and AKT phosphorylation are both decreased after
small interfering RNA treatment. Consistent with previous
reports, the results of the present study demonstrated that
MK?2206 inhibited the phosphorylation of AKT and produc-
tion of cytokines (IL-4, -5, -6 and -13) in a mouse model
of TDI-induced asthma. In addition, the present study also
revealed that MK2206 inhibited the phosphorylation of AKT
in vitro. These results indicated a potential role for MK2206
in a clinical setting for the management of TDI-induced
asthma.
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AHR is reported in individuals with bronchial remod- that MK2206 decreased AHR by controlling bronchial
eling and asthma (45); reduced AHR is an important remodeling. In a classic inflammatory microenvironment,
indicator of therapeutic benefit. The present study indicated activated fibroblasts differentiate into myofibroblasts, and
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release pro-inflammatory factors and extracellular matrix
proteins to increase airway remodeling (46,47). The produc-
tion of a-SMA is indicative of myofibroblast formation and
collagen I deposition (48). Myofibroblasts are proposed to be
the primary effectors of lung fibrotic responses, which are
characterized by the expression of a-SMA stress fibers (48).
The results of the present study demonstrated that the number
of goblet cells and expression levels of a-SMA were greater
in the asthma group compared with those in the AOO and
TDI + MK?2206 groups. These findings provided new exper-
imental evidence supporting the potential use of MK2206
as a new therapeutic drug for the treatment of TDI-induced
asthma.

Clinical studies and experiments using animal models
have demonstrated an important role of HMGBI and its
receptors in airway inflammation and asthma (12,49).
MK?2206 is a known antitumor agent that exerts its effect by
inhibiting p-AKT activation (50). The present study demon-
strated that MK2206 inhibited the expression of HMGBI1
in vitro and in vivo. Tumor growth factor-f increases AKT
phosphorylation (22), and MK2206 may have some effects
on this signaling pathway while reducing airway inflamma-
tion.

The present study demonstrated that the inhibition of AKT
activation using MK2206 attenuated AHR, airway inflamma-
tion, and airway remodeling in a TDI-induced mouse model
of asthma (Fig. 8). These findings enriched current knowledge
regarding MK 2206 and provided the basis for future investiga-
tion. However, the current study has several limitations; for

example, the role of AKT signaling in asthma, and the specific
mechanism of HMGBI1 in TDI-induced asthma and AKT
activation were not fully investigated.

In summary, the present study demonstrated that MK2206
may serve a role in reversing airway inflammation and airway
remodeling in chemical-induced asthma. These findings may
therefore provide the basis for future development of MK 2206
in the treatment of occupational asthma.
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