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Abstract

Introduction: This study aimed to explore the effects and
mechanisms of salidroside (SAL) in airway inflammation in
asthmatic mice. Methods: Mice were sensitized with ovalbu-
min (OVA) to establish an asthma model. They were divided
into the control group, OVA group, SAL low-dose group
(SAL-L), SAL high-dose group (SAL-H), and dexamethasone
(DXM) group. The airway reactivity of the mice was mea-
sured, and the total cells, neutrophils, eosinophils, and lym-
phocytes were counted, respectively. The levels of IL-4, IL-5,
IL-13, and IFN-y in bronchoalveolar lavage fluid (BALF) were
detected by ELISA. Immunohistochemistry was used to de-
tect the expression levels of p-AMPK, p-Akt, and p-GSK3p.
Western blot was used to detect cytokine levels in lung tis-
sue and p-AMPK, p-Akt, and p-GSK3 levels in LPS-induced
16HBE cells. Results: The airway hyperresponsiveness of
asthmatic mice in the SAL-H group decreased (p < 0.05), and
the total number of cells, neutrophils, eosinophils, and lym-
phocytes decreased significantly (p < 0.05). In addition, the

airways of mice showed airway inflammatory infiltration and
goblet cell proliferation, and the corresponding cellular in-
flammatory factors IL-4, IL-5, and IL-13 were significantly de-
creased. However, the expression of IFN-y in BALF and lung
tissues was increased (p < 0.05). Moreover, after the mice
were treated with SAL, the phosphorylation level of AMPK
was significantly increased, which further reduced the phos-
phorylation levels of Akt and GSK3f3 (p < 0.05). Both SAL and
AMPK inhibitors exerted effects on LPS-induced 16HBE cells,
consistent with in vivo results. Conclusion: SAL can inhibit
bronchial hyperresponsiveness and reduce tracheal inflam-
mation by increasing AMPK phosphorylation and inhibiting

Akt and GSK3 signaling pathways. ©2021 5. Karger AG, Basel

Introduction

Bronchial asthma is a chronic inflammatory disorder
of the airways associated with airway hyperresponsive-
ness, which is characterized by recurrent episodes of
wheezing, breathlessness, chest tightness, and coughing.
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Itis estimated that by 2025, 400 million people worldwide
will suffer from asthma [1, 2]. Due to increased use of in-
haled glucocorticoid, the mortality rate of adults and chil-
dren due to asthma has decreased over the past 25 years.
However, the deaths caused by asthma have varied over
the years [3]. Therefore, there is still an urgent need to
develop more effective asthma prevention and treatment
methods.

AMP-activated protein kinase (AMPK) can promote
ATP production through catabolism or inactivate ana-
bolic pathways that consume ATP. Therefore, AMPK ac-
cumulates energy during metabolic stress, thereby pro-
tecting cells under various pathological conditions [4].
Previously, the AMPK signaling pathway is considered to
be a novel signaling pathway capable of regulating in-
flammation and immune responses [5, 6]. Studies have
shown that the AMPK agonist AICAR reduces asthma-
related inflammatory factors (such as IL-4, IL-5, and IL-
13) and airway hyperresponsiveness [7]. In addition, in
metformin-treated asthma mice, activation of the AMPK
pathway partially relieved airway inflammation and re-
duced the intensity of oxidative stress responses [8].
AMPK is a key molecule associated with various antiasth-
matic effects. As a downstream signaling molecule of the
AMPK pathway, Akt plays an important role in cell sur-
vival, and its substrate is Ser/Thr protein kinase GSK3.
Akt is capable of phosphorylating conserved amino ter-
minal motifs in GSK3a and GSK3p. It is shown that the
Akt/GSK3p pathway is related to the anti-inflammatory
effect in chronic asthma, inhibits airway hyperrespon-
siveness, and decreases airway resistance through phos-
phorylation signaling [9].

Salidroside (SAL) is the main active ingredient of the
herbaceous shrub plant Rhodiola [10]. Studies have shown
that SAL has anti-inflammatory, antitumor, and antimi-
tochondrial oxidative stress effects [11-14]. In a diabetic
mouse model, SAL caused dose-dependent increase in
phosphorylation of AMPK/PI3K/Akt/GSK3p in hepato-
cytes [15]. In addition, it is reported that SAL reduced ath-
erosclerosis by inhibiting the PI3K/Akt pathway and en-
hancing AMPK phosphorylation [16]. Our previous re-
search showed that SAL inhibited tracheal inflammation
by downregulating NF-«xB and p38 MAPK [17]. Based on
the above studies, we speculate that the anti-inflammatory
activity of SAL may be attributed to the AMPK/Akt/
GSK3p signaling pathway. However, the role and mecha-
nism of SAL in asthma has not been reported. In this
study, we investigated the effect of SAL on the treatment
of asthma in mice and the possible role of the AMPK/Akt/
GSK3p signaling pathway in the effect of SAL.
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Materials and Methods

Animals

Fifty female BALB/c mice (aged 6-8 weeks; weighing 18 + 5 g)
were obtained from the Experimental Animal Center of Yanbian
University (Jilin, China). All mice were housed in laboratory con-
ditions free of specific pathogens and provided with adequate food
and a comfortable environment. The study has been approved by
the Ethics Committee of Yanbian University (Jilin, China).

Asthma Model

Mice were randomly divided into the control group, asthma
model group (OVA group, Québec, Quebec), SAL (Yuanye,
Shanghai, China) (low dose of 25 and high dose of 50 mg/kg, re-
spectively) treatment groups, and dexamethasone (DXM) (2 mg/
kg; Sigma, Phoenix, AZ, USA) treatment group, with 10 mice in
each group. As shown in Figure 1, the mouse model of asthma was
induced by OVA (Grade V; Sigma, Phoenix, AZ, USA) sensitiza-
tion. In brief, mice were sensitized by intraperitoneal injection of
20 pg OVA emulsified in 2 mg aluminum hydroxide gel (Invivo-
Gen, San Diego, CA, USA) on days 0, 7, and 14. From day 21, mice
received 5% OVA nebulization (NE-U12; Omron Corporation,
Tokyo, Japan) in sterile saline for 0.5 h per day for 1 week. Before
each OVA challenge, the SAL and DXM treatment groups were
treated with intraperitoneal SAL and DXM, respectively. Mice in
the control group were treated with a saline solution.

Airway Reactivity Measurement

As previously reported [18], airway responsiveness was ana-
lyzed using systematic and invasive plethysmography (Buxco Elec-
tronics, Troy, NY, USA). Changes in airway hyperresponsiveness
were assessed by measuring pulmonary resistance (RL). In brief,
the mice were weighed 24 h after the last challenge and intraperi-
toneally injected with 2% sodium pentobarbital (0.03 g/kg). The
trachea was fully exposed. After incision of the trachea, a thin cath-
eter with an inner diameter of 2 mm was inserted. After that, the
catheter was connected to a ventilator for mechanical ventilation
with a tidal volume of 0.2 mL and a frequency of 140 beats per min.
After the ventilator was stabilized, PBS and Ach with a certain con-
centration (3.125, 6.25, 12.5, and 25 mg/mL, respectively) were
administered to the mice through the ventilator using an ultra-
sonic nebulizer, and RL was recorded.

BALF Collection and Cell Counting

After airway hyperresponsiveness measurements, BALF was
then collected by washing with 400 uL of ice-cold PBS. The cells in
BALF were collected by centrifugation at 1,000 rpm for 10 min at
4°C, and then the total number of inflammatory cells in BALF was
counted. Based on morphological criteria, differential cell counts
were performed by Wright staining. Meanwhile, the lavage super-
natant was also collected.

ELISA

The concentrations of IL-4, IL-5, IL-13, and IFN-y in BALF
were measured according to the manufacturer’s protocols using
ELISA kits (R&D Systems, Minneapolis, MN, USA). The micro-
plate reader (Bio-Rad Laboratories, Hercules, CA, USA) was used
to detect the optical density and calculate the cytokine concentra-
tion.
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Fig. 1. Schematic diagram of OVA-induced
asthma model. Mice were sensitized with
intraperitoneal injections of 20 pg of OVA
emulsified in aluminum hydroxide in a to-
tal volume of 0.2 mL on days 0, 7, and 14,
followed by 7 consecutive challenges by ex-

posure to OVA aerosol for 30 min every

day. Prior to daily OV A nebulization chal-

lenge, SAL (25 mg/kg, 50 mg/kg) or DXM
(2 mg/kg) was administered in the SAL-L,
SAL-H, or DXM groups, respectively. The 0
control mice were treated with saline for the
sensitization and challenge. Mice were sac-
rificed 24 h after the final challenge. BALF
samples were collected, and the lungs were
dissected for analysis. OVA, ovalbumin;
BALF, bronchoalveolar lavage fluid; DXM,
dexamethasone; SAL, salidroside.
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Histopathology

Lung tissue was collected after airway hyperresponsiveness
measurements fixed with 4% paraformaldehyde for 0.5 h and then
embedded in paraffin. The tissue was cut into 5-um sections at
room temperature and stained with hematoxylin and eosin (H&E)
to observe the trachea inflammatory response. Airway goblet cell
proliferation and mucus secretion were evaluated by periodic acid-
Schiff (PAS) staining. Under x200 magnification, 3 slices were ran-
domly selected from each mouse, and 5-8 fields of view with round
bronchial cross section and a diameter of about 100-200 pm were
randomly taken from each slice. The inflammation score was cal-
culated by evaluating the infiltration of inflammatory cells around
the bronchi. The semiquantitative scoring system (0-4) was used.
The percentage of PAS staining positive cells in airway epithelial
cells was calculated. Immunohistochemistry was performed using
p-AMPK, p-Akt, and p-GSK3p antibodies (Cell Signaling Tech-
nology, Danvers, MA, USA) and observed under an optical micro-
scope (Olympus BX50; Olympus, Tokyo, Japan).

Cell Culture

Human bronchial epithelial cell line 16HBE cells (Rockville,
MD, USA) were pretreated with SAL (5 mM) and compound C (5
mM; Selleck, Houston, TX, USA) for 6 h. Thereafter, the cells were
stimulated with LPS and then cultured for 24 h.

Immunofluorescence

Immunofluorescence was performed in 16HBE cells and lung
tissue sections. In brief, endogenous peroxidase was inactivated in
3% H,0,. After blocking nonspecific antibodies, the samples were
incubated with anti-p-AMPK (Cell Signaling Technology, Dan-
vers, MA, USA) overnight at 4°C. Afterward, Rhodamine-conju-
gated AffiniPure goat anti-rabbit IgG was then used to detect p-
AMPK. The nuclei were stained with DAPI. Cells were observed
under an Olympus BX61 fluorescence microscope (Olympus, To-
kyo, Japan).

Western Blot
Freshly isolated lung tissue was homogenized in the presence
of a protease inhibitor, and the protein concentration was mea-
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sured using Bradford reagent (Bio-Rad, Hercules, CA, USA).
16HBE cells were lyzed with RIPA (Solarbio, Beijing, China)
containing PMSF and phosphatase inhibitor to isolate total pro-
teins. The proteins were subjected to SDS-PAGE gel electropho-
resis (20 pg protein per lane) and then transferred to a nitrocel-
lulose membrane for Western blot detection. The antibodies,
including B-actin, IL-4, IL-5, IL-13, IFN-y, GAPDH, AMPK, p-
AMPK, Akt, p-Akt, GSK3p, and p-GSK3p, were purchased from
Santa Cruz Biochemicals, Dallas, TX, USA. Detection was per-
formed using the ECL detection system (iNtRON Biotechnolo-
gy, Seoul, South Korea). Optical density scanning was performed
with Gel Doc XR (Bio-Rad, Inc) to calculate the relative protein
expression level.

Statistical Analysis

Results were analyzed using statistical software SPSS 21.0
(SPSS, Inc., Chicago, IL, USA). Data are expressed as mean + SD.
Comparisons among multiple groups were performed using one-
way analysis of variance followed by the LSD method. A p value of
<0.05 indicates that the difference is statistically significant.

Results

SAL Reduces Airway Hyperresponsiveness in

Asthmatic Mice

To assess the effect of SAL on the airway hyperrespon-
siveness, RL was detected. No significant difference in
baseline airway resistance was observed in the 5 groups.
When Ach was administered at a dose from 3.125 to 25
mg/mL, the RL value of the OVA group and the SAL-L
group was significantly higher than that of the control
group (p < 0.05). However, compared with the control
group, the RL of the SAL-H group and the DXM group
was significantly reduced (p < 0.05) (Fig. 2). These results
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Fig. 2. SAL reduced airway hyperactivity in asthmatic mice. Data
are presented as mean + SD (n = 10 per group). *p < 0.05 compared
with the control group. #p < 0.05 compared with the OVA group.
SAL, salidroside; OV A, ovalbumin; DXM, dexamethasone.

indicate that SAL reduces airway hyperresponsiveness in
asthmatic mice in a dose-dependent manner.

SAL Reduces the Infiltration of Inflammatory Cells in

the Lung Tissue of Asthmatic Mice

Inflammatory cell infiltration is one of the main fea-
tures of airway inflammation. To investigate the effect of
SAL on inflammatory cell infiltration in asthmatic mice,
we counted the number of cells in BALF of each group.
The data showed that the infiltration of lymphocytes, eo-
sinophils, and neutrophils in BALF of the OVA and SAL-
L groups was significantly higher than that of the control
group (p < 0.05). However, the SAL-H or DXM groups
significantly reduced the number of these cells (p < 0.05)
(Fig. 3).

Further histopathological analysis of the lungs (H&E
and PAS staining) showed that mice in the OVA and
SAL-L groups showed obvious thickening of airway wall,
airway smooth muscles, and submucosa, mucosal epi-
thelial hyperplasia, and increased mucus secretion
(Fig. 4a). In addition, compared with the control group,
PAS staining showed an obvious increase in goblet hy-
perplasiain the OVA and SAL-L groups (Fig. 4b). In con-
trast, inflammation score and goblet cell proliferation
were less in the SAL-H and DXM groups. Compared
with the control group, the OV A group had significantly
higher inflammation score (p < 0.05, Fig. 4¢), suggesting
that there are a great number of infiltrating inflamma-
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Fig. 3. Effects of SAL on total and differential cellular component
count in BALF in asthmatic mice. Data are presented as mean +
SD (n = 10 per group, 10°/mL). *p < 0.05 compared with the con-
trol group. #p < 0.05 compared with the OV A group. SAL, salidro-
side; OV A, ovalbumin; BALF, bronchoalveolar lavage fluid; DXM,
dexamethasone.

tory cells around the airway. The SAL groups clearly
showed lower inflammatory scores than the OVA group
in a dose-dependent manner (p < 0.05). As shown in Fig-
ure 4d, the percentage of PAS-positive cells in the OVA
group was significantly higher than that of the control
group (p < 0.05), but the SAL-H group could obviously
reduce the percentage of PAS-positive cells in the airway
epithelium in a dose-dependent manner (p < 0.05). These
results indicate that SAL relieves airway inflammation
and inhibits infiltration of inflammatory cells in asth-
matic mice.

SAL Decreases IL-4, IL-5, and IL-13 and Increases

IEN-y in BALF of Asthmatic Mice

We analyzed the levels of IL-4, IL-5, IL-13, and IFN-y
in BALF and lung tissues by ELISA and Western blot, re-
spectively. ELISA results showed that the levels of I1L-4,
IL-5, and IL-13 in BALF in the OV A and SAL-L groups
were significantly increased, while the levels of IFN-y
were significantly lower than those in the control group
(p <0.05). However, in the SAL-H and DXM groups, lev-
els of IL-4, IL-5, and IL-13 were significantly reduced,
while IFN-y levels were significantly increased than those
in the OVA group (p < 0.05) (Fig. 5a). Consistent with
these results, Western blot showed that IL-4, IL-5, and IL-
13 protein levels in the OVA and SAL-L groups were sig-
nificantly increased, while IFN-y protein levels were sig-
nificantly lower than those in the control group (p < 0.05).
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However, IL-4, IL-5, and IL-13 protein levels were sig-
nificantly reduced, while IFN-y was increased in the SAL-
H and DXM groups than those in the OVA group (p <
0.05) (Fig. 5b, ¢). These results indicate that high-dose
SAL inhibits IL-4, IL-5, and IL-13 levels, whereas increas-
es IFN-y level.

SAL Regulates Inflammatory Response in Asthmatic

Mice via the AMPK/Akt/GSK3 Signaling Pathway

To determine the effects of SAL on phosphorylation of
AMPK, Akt, and GSK3p in lung tissue, immunohisto-
chemical staining was performed (Fig. 6a). Compared
with the control group, p-AMPK decreased, while p-Akt
and p-GSK3[ increased in the airway of the OV A group.
In the SAL-H and DXM groups, p-AMPK increased,
while p-Akt and p-GSK3p decreased compared to the
OVA group. The Western blot results of lung tissue

Salidroside Mitigates Airway
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showed that the total protein of AMPK, Akt, and GSK3§
in each group was not significantly changed (Fig. 6b).
However, p-AMPK levels in the OVA and SAL-L groups
were significantly lower than those in the control group
(p < 0.05), and p-AMPK expression levels in the SAL-H
and DXM groups were significantly increased than those
in the OVA group (p < 0.05) (Fig. 6¢). In addition, in the
OVA and SAL-L groups, p-Akt and p-GSK3p were sig-
nificantly upregulated (p < 0.05), while in the SAL-H and
DXM groups, p-Akt and p-GSK3P were significantly
downregulated (p < 0.05) (Fig. 6b, c). The immunofluo-
rescence results are consistent with the above results
(Fig. 6d). These results indicate that SAL can alleviate air-
way inflammation in asthmatic mice by promoting
AMPK phosphorylation, which in turn reduces Akt and
p-GSK3p phosphorylation.
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SAL Regulates Inflammatory Response in LPS-

Induced 16HBE Cells via the AMPK/Akt/GSK3p3

Signaling Pathway

To further demonstrate that SAL directly regulates
AMPK, Akt, and GSK3p in vitro, we treated 1l6HBE
cells with LPS. The level of p-AMPK was decreased,
whereas the levels of p-Akt and p-GSK3p were in-
creased after LPS intervention in comparison with the
control group (p < 0.05) (Fig. 7a, 7b). After SAL treat-
ment, the level of p-AMPK was significantly increased,

and the levels of p-Akt and p-GSK3p were significantly
reduced (p < 0.05). Interestingly, SAL resulted in an in-
crease in the level of p-AMPK and a decrease in levels
of p-Akt and p-GSK3p compared to the effects after LPS
intervention (p < 0.05). Moreover, compound C de-
creased the expression of p-AMPK (Fig. 7a, 7b). The
expression of p-AMPK in LPS-treated 16HBE cells was
observed by immunofluorescence (Fig. 7c). P~AMPK
had mild expression in 16HBE cells. Downregulation of
p-AMPK in LPS and/or compound C-treated 16HBE

] 500 - . . p——
1 ] -
IS 11L-5
g 4007 e IL-13
= IFN-y
< #
S 300 " *
2 K
£
5 200
o
©
2 100 *
E - - *
O -
a Control OVA SAL-L SAL-H DXM
0.8
Control OVA SAL-L SAL-H DXM 1 *
IL-4 - — — 0.6 * l ’: #
2 * '
IL-5 | e— a— — — @ * #
S 04 y
IL-13 - L — — e b #
E 1 #
IFN-y  — . — & 02 "" # #j#
b B-Actin I ' ' I I
0 == - T —— 1
C Control OVA SAL-L SAL-H DXM

Fig. 5. Effects of SAL on levels of IL-4, IL-5, IL-13, and IFN-y in
BALF and lung tissues of asthmatic mice. a Cytokine levels were
tested by ELISA. Data are presented as mean + SD (n = 10 per
group, pg/L). b, ¢ Protein levels of the cytokines in the lung after
48 h were measured by Western blotting. Density ratio against

Fig. 6. Effect of SAL on the expression of AMPK, Akt, and GSK3
phosphorylation in lung tissues of asthmatic mice. a Immunobhis-
tochemical staining was performed to measure the expression of
p-AMPK, p-Akt, and p-GSK3p (x200; scale bar, 5 um). b, ¢ The
expression of AMPK, Akt, and GSK3p phosphorylation was ana-
lyzed by Western blotting. Density ratio against GAPDH was mea-
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B-actin was measured using a densitometer. *p < 0.05 compared
with the control group. #p < 0.05 compared with the OVA group.
SAL, salidroside; OV A, ovalbumin; BALF, bronchoalveolar lavage
fluid; DXM, dexamethasone.

sured using a densitometer. Data are presented as mean + SD (n =
3 per group). *p < 0.05 compared with the control group. #p < 0.05
compared with the OVA group. d The expression of p-AMPK in
lung tissue was observed by immunofluorescence. SAL, salidro-
side; OVA, ovalbumin; DXM, dexamethasone.

(For figure see next page.)
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cells was observed, and upregulation of p-AMPK was
observed when SAL was added. Therefore, the anti-in-
flammatory effect of SAL on asthmatic mice may be
achieved by targeting AMPK and then regulating the
Akt/GSK3p signaling pathway.

8 Int Arch Allergy Immunol
DOI: 10.1159/000519295

Data are presented as mean + SD (n = 3 per group). *p < 0.05 com-
pared with the untreated group. #p < 0.05 compared with the
group treated by LPS. ¢ The expression of p-AMPK in LPS-treated
16HBE cells was observed by immunofluorescence. SAL, salidro-
side.

Discussion/Conclusion

Asthma is a chronic respiratory disease that is featured
by bronchoconstriction. Over time, it eventually causes
airway damage [19, 20]. Corticosteroids play an impor-
tant role in preventing and treating airway inflammation
in asthma, but in the long term, it significantly increases
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the risk of diabetes, which in turn leads to poor glycemic
control, glaucoma, cataracts, bruising or purple, adrenal
insufficiency, and osteoporosis [21]. These risks indicate
the urgency of exploring other effective treatments or in-
terventions. It is well known that airway hyperrespon-
siveness is directly related to excessive mucus secretion
that causes airway obstruction [22] and is one of the most
basic pathological features of bronchial asthma. In this
study, we found that high-dose SAL significantly reduced
airway hyperresponsiveness in asthmatic mice. During
chronic asthma, a significant feature of antigen-induced
bronchitis is an increased number of inflammatory cells
in the respiratory tract and subepithelial space of the lung,
including eosinophils, mast cells, lymphocytes, and neu-
trophils [23]. Therefore, we explored the effects of SAL on
the infiltration and accumulation of inflammatory cells in
BALF after repeated OV A challenges. The results showed
that SAL significantly reduced the number of lympho-
cytes, eosinophils, and neutrophils in BALF. HE staining
and PAS staining showed that SAL significantly relieved
airway wall thickening, airway smooth muscle thicken-
ing, inflammatory cell infiltration, and other pathological
features in lung tissues of asthmatic mice and also re-
duced goblet cell proliferation. These results indicate that
SAL has a strong anti-inflammatory effect on bronchial
asthma.

Previous study has shown that SAL had an antiasthmat-
ic effect, which is related to regulating the Th1/Th2 balance
[24]. Th1/Th2 balance is one of the basic ways to regulate
the body’s immune response. Under normal conditions,
Th1/Th2 is balanced. However, genetic variation and en-
vironmental factors can break this balance. Th2 bias is a
key factor in the formation and development of asthma.
Inflammatory factors secreted by Th2, including IL-4, IL-
5, and IL-13, are key molecules that cause allergic asthma.
These cytokines are often overexpressed in the bronchial
mucosa of asthma patients [25-28]. Neutrophils, but not
eosinophils, in asthma patients show overexpression of
IFN-v in their sputum cells, which may indicate ongoing
innate immune activation [29]. This study showed that
SAL significantly reduced IL-4, IL-5, and IL-13 levels in
asthmatic mice and increased IFN-y levels in lung tissue
and BALF. This alleviates the effects of the Th1/Th2 imbal-
ance, which in turn eases the progression of asthma.

AMPK is a serine/threonine protein kinase that is
widely expressed and highly conserved in eukaryotes. It
is the main regulator of cellular energy metabolism ho-
meostasis and redox response [30]. AMPK is activated
after phosphorylation of N-terminal Thr172, but AMPK
has completely different mechanisms in different diseases

Salidroside Mitigates Airway
Inflammation in Asthmatic Mice

[31, 32]. Studies have shown that LKB1 and AMPKal de-
ficiency increases T-effector protein synthesis and pro-
motes IFN-y production [33]. Here, we found that SAL
promoted the expression of IFN-y in the lung tissue of
asthmatic mice, which confirms the positive regulatory
effect of AMPK on Th1 cytokines. In addition, it is shown
that the treatment of obese asthmatic mice with AMPK
agonist metformin reduces the accumulation of eosino-
phils in the lungs, restores the number of cells in BALF,
and increases the phosphorylation of AMPK in lung tis-
sue [34]. Similarly, we found that SAL showed anti-in-
flammatory effects on lung tissue of asthmatic mice and
LPS-induced 16HBE cells by activating AMPK and en-
hancing its phosphorylation.

The protein kinase Akt plays an important role in glu-
cose metabolism and protein synthesis and has antiapop-
tosis effects [35]. GSK3p is a downstream signaling mol-
ecule of Akt. It is well known that Akt activation results
in GSK3 phosphorylation [36]. Glycyrrhizin reduces ac-
tivation of the PI3K/Akt/GSK3pB signaling pathway,
thereby inhibiting related cytokines and reducing airway
inflammatory diseases [37]. Our study found that SAL
inhibits airway inflammation in asthmatic mice by reduc-
ing the phosphorylation of Akt and GSK3p. As an up-
stream signaling molecule of GSK3p, AMPK can effec-
tively block the phosphorylation of GSK3f in RAW264.7
cells [38]. In this study, we found that compound C, an
AMPK inhibitor, reduced the levels of p-Akt and
p-GSK3p. Therefore, we believe that SAL further regu-
lates the Akt/GSK3p signaling pathway via AMPK, there-
by inhibiting airway hyperresponsiveness and reducing
tracheal inflammation in asthmatic mice. This may pro-
vide a strong molecular basis for SAL to use as a new tar-
get for the prevention or treatment of allergic asthma.

In conclusion, as summarized in Figure 8, we report
here that SAL could reduce airway hyperresponsiveness
and inflammation, including reducing the number of in-
flammatory cells in total cells, neutrophils, eosinophils,
and lymphocytes in BALF, inhibiting airway inflamma-
tion and mucus secretion, and promoting the expression
level of Th1 cytokines and inhibiting the expression level
of Th2 cytokines. SAL could promote the phosphoryla-
tion of AMPK and inhibit the phosphorylation of Akt and
GSK3p in the lung tissue of asthmatic mouse models and
in the 16HBE cells, indicating that the anti-inflammatory
effect of SAL on the airway may be through upregulating
the expression of AMPK and downregulating the expres-
sion of Akt and GSK3p. This conclusion may provide a
strong molecular basis for SAL to be used as a new drug
to prevent or treat allergic asthma.
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Fig. 8. Schematic diagram of the potential
mechanism of SAL in inhibiting airway in-
flammation in OVA-induced asthmatic
mice and 16HBE cells. SAL significantly ac-
tivates AMPK. The activated AMPK pro-
motes the phosphorylation of Akt and
GSK3p and inhibits the OVA-induced in-
crease in airway resistance, the increase in
Th1 cytokine expression, and the decrease
in Th2 cytokine expression in asthmatic
mice, thereby reducing airway hyperre-
sponsiveness and inflammation. In addi-
tion, SAL also reduces the inflammatory
response of 16HBE airway epithelial cells
induced by LPS through this pathway. SAL,
salidroside; OV A, ovalbumin.
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