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A B S T R A C T

The protective effects of genipin against lipopolysaccharide (LPS)-induced acute lung injury (ALI) have been
reported; however, the mechanism is unclear. Genipin performs its pharmacological effects via activation of the
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway. In the present
study, we aimed to determine whether the PI3K/AKT pathway is involved in the protective effects of genipin
against mitochondrial-dependent apoptosis, endoplasmic reticulum stress (ERS), and inflammation in ALI. We
constructed in vivo and in vitro models of LPS-induced ALI. PI3K/AKT signaling was inhibited using LY294002.
Pretreatment with genipin increased AKT phosphorylation, indicating that PI3K/AKT signaling was upregulated.
Genipin pretreatment prevented LPS-induced histopathological deterioration, increased pulmonary edema, and
decreased oxygenation index, all of which were inhibited using LY294002. In addition, genipin pretreatment
attenuated LPS-mediated mitochondrial apoptosis, as indicated by improved mitochondrial dysfunction,
downregulation of BAX (BCL2 associated X, apoptosis regulator), upregulation of BCL2 (BCL2 apoptosis reg-
ulator), inhibited the release of cytochrome c, activation of caspase-3, and cell apoptosis. Genipin pretreatment
inhibited the LPS-induced upregulation of AF4/FMR2 family member 4 (CHOP), glucose-regulated protein,
78 kDa (GRP78), and X-box binding protein 1 (XBP1) levels, indicating ERS suppression. Moreover, genipin
pretreatment alleviated LPS-induced inflammation, indicating by blockade of nuclear factor kappa b (NF-κB)
signaling activation and reduced tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, and IL-6 levels in the
lung and bronchoalveolar lavage fluid. LY294002 could inhibit these genipin-induced protective effects against
apoptosis, ERS, and inflammation. Thus, genipin significantly activates PI3K/AKT signaling to ameliorate mi-
tochondria-dependent apoptosis, ERS, and inflammation in LPS-induced ALI.

1. Introduction

Clinical acute lung injury (ALI), a common complication that occurs
following sepsis, causes high mortality and morbidity, resulting in a
significant burden on society [1]. Currently, it is thought that the
multiple organ dysfunctions associated with sepsis can be attributed to
a pathochemical and pathophysiological injury cascade, including the
inflammatory response, mitochondria dysfunction, endoplasmic re-
ticulum stress (ERS), and apoptosis [2–4].

A recent study demonstrated that genipin pretreatment ameliorates
lipopolysaccharide (LPS)-induced ALI by inhibiting nuclear factor
kappa B (NF-κB) and NLR family pyrin domain containing 3 (NLRP3)
signaling pathways [5]. However, the mechanism of genipin's effects
remains unclear. In addition, the role of mitochondrial-dependent
apoptosis and ERS in the protection mediated by genipin in ALI has not
been described.

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)
signaling pathway can promote cell survival and growth in several
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ways, including regulation of apoptosis and ERS [6–8]. Recent studies
suggested that activation of PI3K/AKT signaling targets and regulates
the activity of B cell lymphoma/leukemia (BCL)2 family members to
directly affect apoptosis, resulting in cell survival [9–11]. Regulation of
apoptosis to protect against lung injury is also mediated by activation of
PI3K/AKT signaling [12,13]. Furthermore, regulation of ERS by the
PI3K/AKT signaling pathway has also been demonstrated [7,14].

The results of these previous studies prompted us to hypothesize
that upregulation of PI3K/AKT signaling might contribute to the pro-
tective effects exhibited by genipin against apoptosis and ERS in LPS-
induced ALI.

2. Materials and methods

2.1. Reagents and antibodies

Molecular Probes (Invitrogen, Waltham, MA, USA) supplied
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine iodide
(MitoProbe™ JC-1). Promega Corp. (Madison, WI, USA) supplied the
CellTiter-Glo® assay kit. BestBio Co. (Beijing, China) provided the mi-
tochondrial/cytosolic protein extraction kit. Antibodies recognizing
BAX (BCL2 associated X, apoptosis regulator), BCL2 (BCL2 apoptosis
regulator), cytochrome c, AKT, phosphorylated (p)-AKT, AF4/FMR2
family member 4 (CHOP), glucose-regulated protein, 78 kDa (GRP78),
X-box binding protein 1 (XBP1), and β-actin were obtained from
Abclonal (Wuhan, China). Promega Corp. supplied the terminal deox-
ynulceotidyl transferase nick-end-labeling (TUNEL) staining kit.
EnVision™ (Dako, Copenhagen, Denmark) provided the im-
munohistochemical kits. The human lung alveolar epithelial cell line
A549 was obtained from Guangzhou Cellcook Biotech Co., Ltd.
(Guangzhou, China). Sigma-Aldrich (Saint Louis, MO, USA) provided
genipin and other chemicals.

2.2. Cell culture and stimulation

Low glucose Dulbecco's modified Eagle medium (DMEM, Sigma-
Aldrich; Merck Millipore), with penicillin (100 U/mL, Sigma-Aldrich;
Merck Millipore), streptomycin (100 units, Sigma-Aldrich; Merck
Millipore), and 10% bovine serum (Sigma-Aldrich; Merck Millipore)
was used to culture the A549 cells at 37 °C and 5% CO2. To establish
LPS-induced ALI in vitro, LPS at 5 μg/mL was used to stimulate the A549
cells for 6 h.

The cells were randomly divided into five groups using a random
number table: The control group (cells were pretreated with the vehicle
for 60min and incubated under normoxic conditions); the genipin
control group (cells pretreated with 50 μM genipin for 60min and in-
cubated under normoxic conditions); the LPS group (cells pretreated for
60min with the vehicle and then stimulated by LPS); the genipin
treatment group (cells pretreated for 60min with 50 μM genipin and
then stimulated by LPS); and the LY294002 group (cells pretreated with
for 60min with 50 μM genipin and 20 μM LY294002 and then stimu-
lated by LPS). The vehicle control comprised dimethyl sulfoxide
(DMSO). The dose of genipin pretreatment was based on our published
article [15].

2.3. Animals

The Medical Faculty Ethics Committee of the First People's Hospital
of Chenzhou, Chenzhou, China, approved all the animal procedures and
care. The animal experiments complied with the Guidelines for the Care
and Use of Laboratory Animals from the NIH. The Experimental Animal
Centre of South Medical University provided the Sprague-Dawley rats
(male, weight: 180–220 g), which were housed under temperature- and
humidity-controlled conditions on a 12/12 h day/night cycle with un-
restricted access to a standard diet and tap water.

2.4. Animal pretreatment

A rat model of ALI was induced by intratracheal administration of
LPS. Animals were anesthetized under sodium pentobarbital (30mg/kg
body weight) intramuscularly, and then placed in a supine position. A
cervical middle line incision in the skin was used to expose the trachea
surgically, after which LPS at 5mg/kg body weight was injected slowly
into each rat's trachea. After treatment, at 12 h after LPS administra-
tion, all the rats were sacrificed.

The animals were randomly divided into five groups (n=6 per
group) using a random number table: 1) The control group (rats re-
ceived pretreatment with vehicle for 60min and were given 0.5mL
intratracheal normal saline (NS); 2) the genipin control group (rats
received pretreatment with genipin (5mg/kg) for 60min and then
0.5 mL intratracheal NS; 3) the LPS group (rats received pretreatment
with vehicle for 60min, followed by LPS instillation); 4) the genipin
group (rats were pretreated with genipin (5mg/kg) for 60min, fol-
lowed by LPS instillation); and 5) the LY294002 group (rats were
pretreated with genipin (5mg/kg) and LY294002 (0.3mg/kg) for
60min, followed by LPS instillation). The vehicle control comprised
dimethyl sulfoxide (DMSO). The dose of genipin pretreatment was
based on a previous study [15].

2.5. Nuclear extraction

According to a previous study [16], cells were resuspended and
swollen in buffer A (0.15% NP-400, 1mM EDTA,1 0mM HEPES,
0.1 mM EGTA, 1mM DTT, 10mM KCl, and proteinase inhibitor cocktail
(1:100 dilution)) for 10min on ice, then centrifuged at 2000×g for
10min at 4 °C. The pellets was washed and resuspended in buffer B
(0.5% NP-40, 1mM EGTA, 20mM HEPES, 1mM DTT, 1mM EDTA,
400mM NaCl, and proteinase inhibitor cocktail (1:100 dilution)) for
25min at 4 °C, and then centrifuged at 12,000×g for 10min. The su-
pernatant was collected and used as the nuclear extract.

2.6. Western blotting analysis

Isolated lung tissues were homogenized, and the protein levels were
assessed using western blotting. An isolation kit was used to obtain
cytosolic and mitochondrial proteins, in accordance with the manu-
facturer's instructions. Proteins were resolved on 10% SDS-PAGE,
electroblotted onto a polyvinylidene fluoride (PVDF) membrane, and
blocked in 5% skimmed milk. The PVDF membranes were incubated at
4 °C overnight with primary antibodies recognizing BAX, BCL2, cyto-
chrome c, AKT, p-AKT, CHOP, GRP-78, XBP1, NF-κB P65, p-P65 and β-
actin, separately. Horseradish peroxidase-conjugated anti-rabbit IgG
was used as the secondary antibody. The immunoreactive protein bands
on the membranes were visualized using an enhanced chemilumines-
cence reagent (Absin Biotechnology Co., Ltd., Shanghai, China).

2.7. Mitochondrial membrane potential (MMP) determination

The potential-sensitive fluorescent dye JC-1 was used to assess the
MMP. Cells treated with different reagents were subjected to LPS. The
cells were then incubated with JC-1 (5 μmol/L) for 15min at 37 °C. An
inverted fluorescent microscope (Nikon, Ti-E Live Cell Imaging System,
Tokyo, Japan) was used to observe the results.

2.8. Histopathological and immunohistochemical analyses

Twelve hours after LPS administration, the right lobes of the lungs
were immersed in 10% neutral buffered formalin, fixed, embedded in
paraffin, and sectioned. The sections were stained using hematoxylin
and eosin (H&E), followed by observation and evaluation of the pa-
thological changes in the lung tissues using the following criteria: 1)
Neutrophil infiltration extent; 2) damage to airway epithelial cells; 3)
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the extent of interstitial edema; 4) the formation of hyaline membranes;
and 5) the occurrence of hemorrhage. Each section was scored based on
five criteria that were determined by the degree of deterioration:
normal= 0; minimal alteration= 1; mild alteration= 2; moderate al-
teration=3; and severe alteration=4. We recorded the lung injury
score for each criterion.

Immunohistochemical staining of the paraffin-embedded sections
was carried out using anti-CHOP (1:200 dilution), anti-GRP-78 (1:200
dilution), and anti-XBP1 (1:200 dilution) antibodies overnight at 4 °C.
The bound antibodies were detected using an avidin-biotin-peroxidase
complex kit and counterstained with hematoxylin.

2.9. Ratio of wet to dry lung (lung wet/dry (W/D)

After LPS administration, we measured the water content of the
lungs. The right lungs were excised, blotted, and weighed to determine
the wet weight. The lungs were then desiccated at 80 °C for 48 h and
weighed to provide the dry weight. We then calculated the wet/dry
ratio to assess tissue edema.

2.10. Oxygenation index (PaO2/FiO2) analysis

Twenty-four hours after the administration of LPS, the rats were
anesthetized and intubated endotracheally using a 20-gauge catheter,

with mechanical ventilation using pure oxygen at 7mL/kg
(100 breaths/min) for 20min. Arterial blood samples from the carotid
artery were obtained and a commercial blood gas analyzer (model
ABL8000; Radiometer Copenhagen, Westlake, Ohio) was used to ana-
lyze the blood samples. The ratio of arterial oxygen partial pressure/
fractional inspired oxygen (PaO2/FiO2) was used to determine the
oxygenation index.

2.11. Assessments of cell apoptosis

In vivo and in vitro apoptosis was measured using TUNEL staining.
Hoechst staining was used to indicate the cell nucleus. Cells showing
green fluorescence were apoptotic cells, which were counted in 10 vi-
sual fields at 200× magnification. The apoptotic index in vivo was
defined as the average number of TUNEL-positive cells in each section.
The apoptotic index in vitro was defined as the proportion of TUNEL-
positive cells in 10 random visual fields.

2.12. Inflammatory mediators determination

In the lung and bronchoalveolar lavage fluid (BALF), the con-
centrations of IL-6, IL-1β, and TNF-α were measured using a commer-
cial enzyme linked immunosorbent assay kit. The results were ex-
pressed as pg/mL of BALF or μg/mg of tissue.

Fig. 1. Genipin pretreatment upregulates PI3K/AKT signaling and attenuates LPS-induced lung injury in vivo.
Rats were pretreated with genipin (5mg/kg) or vehicle for 60min, followed by LPS at 5mg/kg delivered intratracheally. Twelve hours later, the rats were sacrificed.
To investigate the association of the protective effects of genipin with the PI3K/AKT signaling pathway, LY294002 (0.3mg/kg) was given simultaneously with
genipin. (a) Western blotting was used to assess the levels of phosphorylated (p)-AKT, and AKT. (b) Densitometric quantification of the level of p-AKT. (c) H&E
staining for histological determination (scale bar: 500 μm); (d) lung injury score. (e) Weight ratio of the wet lung:dry lung. (f) Blood gas assay for the oxygenation
index (PaO2/FiO2). Data are shown as the mean ± SD (n= 6 per group). *P < 0.05 vs. the indicated groups. PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase;
AKT, protein kinase B; LPS, lipopolysaccharide; H&E, hematoxylin and eosin; SD, standard deviation.
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A tracheal cannula was placed into each mouse under anesthesia
and used to wash the lung three times using 4mL of phosphate-buffered
saline (PBS) to collect BALF samples. Briefly, the rats were sacrificed, a
median sternotomy was performed, and blunt dissection was used to
isolate the trachea. Next, we inserted a suitable small-caliber tube into
the airway and secured it. The lungs were slowly infused with PBS, and
then the BALF was withdrawn into the tube. Approximately 80% of the
fluid was recovered.

2.13. Statistical analysis

The experimental results are presented as the mean ± the standard
deviation (SD). The data were analyzed statistically using one-way
analysis of variance (ANOVA), followed by a least significant difference
(LSD) multiple comparison test or Student's t-test where appropriate. In
the results, n represents the number of animals and statistical

significance was accepted at a P value < 0.05.

3. Results

3.1. Genipin pretreatment upregulates PI3K/AKT signaling and attenuates
LPS-induced lung injury

To investigate whether genipin pretreatment activates PI3K/AKT
signaling, the level of p-AKT was assessed in vitro. Genipin pretreatment
upregulated the p-AKT level in LPS-challenged rats compared with
those treated with the vehicle, indicating that genipin pretreatment
activated the PI3K/AKT signaling pathway (Fig. 1). Treatment with
LY294002, a specific inhibitor of PI3K, inhibited the genipin-induced
activation of PI3K/AKT signaling.

It is well established that LPS administration causes injury to the
lung. Twelve hours after LPS administration, the histopathology, lung

Fig. 2. Genipin attenuates LPS-induced mitochondrial dysfunction via the PI3K/AKT pathway in vitro.
A549 cells pretreated with genipin (50 μM) or vehicle for 60min were incubated with LPS (5 μg/ml) for 6 h. LY294002 (20 μM) was administered simultaneously
with genipin to test the association of the protective effects of genipin with the PI3K/AKT signaling pathway. (a) Laser confocal-scanning microscopy analysis of cells
stained with MMP and JC-1 (scale bar: 50 μm). (b) Intracellular red and green JC-1 fluorescence quantification. (c) Luciferase-based assay of cellular ATP levels. Data
are shown as the mean ± SD (n= 6 per group). *P < 0.05 vs. the indicated groups. PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT, protein kinase B;
LPS, lipopolysaccharide; JC-1, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine iodide; MMP, mitochondrial membrane potential; ATP, Adenosine tri-
phosphate; SD, standard deviation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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edema, and oxygenation index were detected in lung tissues to observe
the extent of lung injury. As shown in Fig. 1, ALI-challenged rats dis-
played severe inflammatory cell infiltration, thickened alveolar walls,
diffuse edema, decreased alveolar space, and enhanced interstitial
congestion compared with those in the control rats. However, these
histological changes were dramatically reduced by pretreatment with
genipin. In addition, pretreatment with genipin significantly alleviated
LPS-induced lung injury, as evidenced by decreased lung edema and
oxygenation index compared with the ALI-challenged rats that did not
receive genipin pretreatment (Fig. 1). However, the genipin-induced
protection against lung injury was blocked by treatment with
LY294002. These results indicated that genipin provides a protective
role against LPS-induced acute lung injury in rats by activating the
PI3K/AKT pathway.

3.2. Genipin pretreatment inhibits LPS-induced mitochondria-dependent
apoptosis via the PI3K/AKT pathway

To investigate whether the PI3K/AKT pathway participate the
protective effects of genipin on LPS-induced mitochondria-dependent
apoptosis in vitro, the MMP was measured using the potential-sensitive
fluorescent dye, JC-1, to evaluate mitochondrial dysfunction. The
control cells showed red fluorescence (Fig. 2a and b). However, LPS
exposure caused the rapid disappearance of red fluorescence and the
appearance of green fluorescence, indicating that the MMP was dis-
sipated. Pretreatment with genipin attenuated the changes in MMP
significantly, as shown by the repression of green fluorescence and
restoration of red fluorescence. However, the increase in green fluor-
escence and decrease in red fluorescence in the cells of the LY294002
group suggested that LY294002 treatment blocked the protective ef-
fects of genipin against MMP dissipation. Mitochondrial dysfunction

results in decreased levels of ATP. We found that LPS stimulation de-
creased the cellular ATP level compared with that in the control group,
which was reversed by genipin pretreatment. However, the cellular ATP
level declined in the cells of the LY294002 group, indicating that
LY294002 treatment blocked the protective effects of genipin against
ATP decrease (Fig. 2c). The regulation of mitochondrial apoptosis is
mediated by cytochrome c release, followed by caspase activation. We
found that genipin pretreatment prevented LPS-induced upregulation of
cytosolic cytochrome c, caspase-3 activation, and cell apoptosis (Fig. 3).
However, these protective effects induced by genipin pretreatment
were inhibited by LY294002 treatment.

BCL2 family proteins also regulate mitochondrial-dependent apop-
totic signaling.. Therefore, to confirm the protective effects of genipin
in rats, the levels of BAX, BCL2, and cell apoptosis in the lung were
evaluated. As shown in Fig. 4, upregulation of BAX, downregulation of
BCL2, and increased numbers of TUNEL-positive cell were observed in
the LPS group compared with those seen in the control group, in-
dicating apoptotic signaling activation. Subsequently, we found that the
levels of BAX and lung cell apoptosis decreased and the level of BCL2
increased in ALI-challenged rats pretreated with genipin compared with
those treated with the vehicle. However, LY294002 treatment blocked
the genipin-induced protection against apoptosis activation in the lung.

These results reveal that genipin inhibits mitochondria-dependent
apoptosis via the PI3K/AKT pathway in LPS-induced ALI.

3.3. Genipin pretreatment inhibits LPS-induced ERS via PI3K/AKT pathway

To investigate the influence of genipin on the LPS-induced ERS, the
levels of CHOP, GRP-78, and XBP1 were measured using western
blotting and immunohistochemical analysis in vitro and in vivo. The
levels of CHOP, GRP-78 and XBP1 increased in the LPS group compared

Fig. 3. Genipin attenuates LPS-induced apoptosis via the PI3K/AKT pathway in vitro.
A549 cells pretreated with genipin (50 μM) or vehicle for 60min were incubated with LPS (5 μg/ml) for 6 h. LY294002 (20 μM) was administered simultaneously
with genipin to test the association of the protective effects of genipin with the PI3K/AKT signaling pathway. (a) Western blotting was used to assess the levels of
cytoplasmic cytochrome c. (b) Densitometric quantification of the level of cytochrome c. (c) The activity of caspase-3. (d) TUNEL staining was used to assess cell
apoptosis (scale bar: 100 μm). (e) Quantification of the rate of cell apoptosis. Data are shown as the mean ± SD (n= 6 per group). *P < 0.05 vs. the indicated
groups. PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT, protein kinase B; LPS, lipopolysaccharide; TUNEL, terminal deoxynulceotidyl transferase nick-
end-labeling; SD, standard deviation.
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with that in the control group in vitro and in vivo, indicating activation
of ERS (Fig. 5). Genipin pretreatment significantly inhibited LPS-in-
duced ERS, as reflected by downregulated levels of CHOP, GRP-78 and
XBP1 in vitro and in vivo. However, increased levels of CHOP, GRP-78
and XBP-1 were detected in the LY294002 group, suggesting that the
genipin-induced protective effect against ERS was blocked by
LY294002 treatment. These results revealed that genipin inhibits ERS
through the PI3K/AKT pathway in LPS-induced ALI.

3.4. Genipin pretreatment inhibits LPS-induced inflammation via PI3K/
AKT pathway

Inflammatory mediators have key functions in ALI; therefore, we
determined the level of inflammatory mediators in the lung tissue and
BALF. We detected substantially increased levels of IL-1β, TNF-α, and
IL-6 in the BALF and lungs of ALI-challenged rats compared with those
in the control group. By contrast, genipin pretreatment significantly
suppressed the levels of IL-1β, TNF-α, and IL-6 in the BALF and lungs in
the ALI-challenged rats. Interestingly, compared with those that re-
ceived genipin treatment alone, in the lungs of ALI-challenged rats that
were treated simultaneously with genipin and LY294002, increased
levels of IL-1β, TNF-α, and IL-6 were detected. These results suggest
that genipin pretreatment inhibits ALI-associated inflammation via the
PI3K/AKT pathway (Fig. 6a–f).

LPS promotes nuclear factor kappa B (NF-κB) translocation into the
nucleus and regulates the expression of related inflammatory genes
[17]. In the present study, we measured NF-κB signaling in vitro
(Fig. 6g–j). We found that LPS induced the upregulation of NF-κB P65

levels and its phosphorylated version, which were inhibited by genipin
pretreatment. Interestingly, LY294002 treatment inhibited the pre-
ventive effect of genipin against the LPS-induced increase in P65 and p-
P65. NF-κB signaling activation depends on the translocation of NF-κB
P65 into the nucleus. We found that genipin pretreatment inhibited the
upregulation of P65 in the nucleus of LPS-treated cells. Furthermore,
LY294002 treatment blocked the preventive effect of genipin against
the LPS-induced upregulation of P65 in the nucleus. These data in-
dicated that genipin pretreatment inhibits LPS-induced activation of
NF-κB signaling.

4. Discussion

The lipid kinase PI3K generates phosphatidylinositol (3,4,5)-tri-
sphosphate (PIP3), which is a second messenger that facilitates the
translocation of AKT to the plasma membrane. At the membrane, AKT
is phosphorylated and plays a pivotal role in important cellular func-
tions, such as cell survival, by phosphorylating various substrates
[13,18,19]. It was reported that genipin modulates PI3K/AKT pathways
to exert an anti-inflammatory effect to treat neurodegenerative diseases
[20]. Genipin stimulated constitutive nitrous oxide synthase (cNOS)
activity via activating PI3K/AKT signaling and exerted antioxidant ef-
fects in ischemia-reperfusion of old rat hearts [21]. However, whether
genipin activates PI3K/AKT signaling in ALI has not been studied. In
the present study, we found that genipin pretreatment upregulated the
phosphorylation of AKT, suggesting activation of the PI3K/AKT
pathway. The role of PI3K/AKT signaling in the development of ALI has
been studied extensively [22,23]. In addition, genipin could attenuate

Fig. 4. Genipin attenuates LPS-induced activation of apoptosis by PI3K/Akt pathway in vivo.
Rats were pretreated with genipin (5mg/kg) or vehicle for 60min, followed by LPS at 5mg/kg delivered intratracheally. Twelve hours later, the rats were sacrificed.
To investigate the association of the protective effects of genipin with the PI3K/AKT signaling pathway, LY294002 (0.3mg/kg) was given simultaneously with
genipin. (a) Western blotting was used to assess the levels of BAX and BCL2. (b) Densitometric quantification of the level of BAX. (c) Densitometric quantification of
the level of BCL2. (d) TUNEL staining was used to assess the apoptosis of rat pulmonary cells (scale bar: 500 μm); (e) In 10 microscopic fields per animal, the numbers
of TUNEL-positive cells were. Data are shown as the mean ± SD (n= 6 per group). *P < 0.05 vs. the indicated groups. PI3K, phosphatidylinositol-4,5-bisphosphate
3-kinase; AKT, protein kinase B; LPS, lipopolysaccharide; TUNEL, terminal deoxynulceotidyl transferase nick-end-labeling; BAX, BCL2 associated X, apoptosis
regulator; BCL2, BCL2 apoptosis regulator; SD, standard deviation.
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LPS-induced lung injury; however, the mechanism was unclear [5]. In
present study, we found that LY294002-induced inhibition of PI3K/Akt
signaling reversed genipin's protective effects against LPS-induced his-
topathological deterioration, lung edema, and decreased oxygenation
index. This suggested the involvement of the PI3K/AKT signaling
pathway in the genipin-mediated protective effects against lung injury.
We then investigated the mechanism of genipin-induced activation of
PI3K/AKT signaling. Alveolar type II cell injury is a key factor in the
pathogenesis of ALI [24]. Therefore, A549 cells, which are widely used
in the study of ALI, were used in the in vitro experiments in the present
study [1].

Apoptosis plays an important role in the pathogenesis of ALI [2,3].
Accumulating evidence suggests that PI3K/AKT signaling plays an im-
portant role in mediating apoptosis [25,26]. For example, the PI3K/
AKT pathway could regulate the activity of BCL2 family members,
which serve as regulators of mitochondrial-related apoptosis [9,27].
Although its protective effects against apoptosis has been studied in
several animal models [28,29], the effects of genipin on apoptosis in
ALI is unknown. The in vitro and in vivo results of the present study
showed that genipin significantly prevented LPS-induced apoptosis via
the PI3K/AKT pathway. Apoptosis can be activated by two main
pathways: The extrinsic pathway and the intrinsic pathway [30]. The
intrinsic apoptotic signaling pathway is mediated by activation of mi-
tochondria. The release of cytochrome c and apoptosis-inducing factors,

followed by caspase activation, mediate mitochondrial regulation of
apoptosis. All of which are regulated by members of the BCL2 family of
proteins. In the present study, we found that genipin inhibited LPS-
induced mitochondrial dysfunction via upregulation of BAX, and
downregulation of BCL2, caspase activation and cytochrome c release,
indicating that genipin significantly inhibited LPS-induced mitochon-
dria-dependent apoptotic signaling. However, the PI3K inhibitor
LY249002 blocked these protective effects of genipin. Thus, the results
suggested that genipin attenuates LPS-mediated mitochondria-depen-
dent apoptosis via the PI3K/AKT pathway.

The endoplasmic reticulum (ER) is an important subcellular orga-
nelle that is responsible for the correct folding and sorting of proteins
[31,32]. Endoplasmic reticulum stress (ERS) causes a pathological im-
balance in ER homeostasis and induces physical dysfunction [29].
During ERS, the markers GRP78, CHOP, and XBP1 are activated
[31,32]. Increasing evidence points to ERS being implicated in ALI
pathogenesis [33,34]. ERS inhibition alleviates LPS-induced lung in-
flammation [35]. In addition, genipin protects Neuro2a cells from
A23187 (a calcium ionophore)-induced and tunicamycin-induced cy-
totoxicity by mediating ERS [36,37]. However, the mechanism of ac-
tion of genipin in ERS is unknown. In the present study, we found that
genipin pretreatment significantly reduced LPS-induced ERS via the
PI3K/AKT pathway. Our findings are in accordance with previous stu-
dies in which the role of PI3K in ERS modulation was fully clarified

Fig. 5. Genipin attenuates LPS-induced ERS by PI3K/Akt pathway in vitro and in vivo.
(a) A549 cells pretreated with genipin (50 μM) or vehicle for 60min were incubated with LPS (5 μg/ml) for 6 h. LY294002 (20 μM) was administered simultaneously
with genipin to investigate the association of the protective effects of genipin with the PI3K/AKT signaling pathway. Western blotting was used to assess the levels of
CHOP, GRP78, and XBP1. (b) Densitometric quantification of the level of CHOP. (c) Densitometric quantification of the level of GRP78. (d) Densitometric quan-
tification of the level of XBP1. (e) Rats were pretreated with genipin (5mg/kg) or vehicle for 60min, followed by LPS at 5mg/kg delivered intratracheally. Twelve
hours later, the rats were sacrificed. To investigate the association of the protective effects of genipin with the PI3K/AKT signaling pathway, LY294002 (0.3 mg/kg)
was given simultaneously with genipin. CHOP, GRP-78, and XBP-1 levels in the lung were determined using immunohistochemistry (scale bar: 500 μm). Data are
shown as the mean ± SD (n=6 per group). *P < 0.05 vs. the indicated groups. PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT, protein kinase B; LPS,
lipopolysaccharide; ERS, endoplasmic reticulum stress; CHOP, AF4/FMR2 family member 4; GRP78, glucose-regulated protein, 78 kDa; XBP1, X-box binding protein
1; SD, standard deviation.
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[38,39].
The inflammatory response, which includes the release of proin-

flammatory cytokines, is an important characteristic of ALI. Our pre-
vious study demonstrated that the inhibition of these cytokines, in-
cluding TNF-α, IL-1β, and IL-6, prevents the development of ALI [1]. In
addition, genipin protects against LPS-induced acute systemic in-
flammation and cecal ligation and puncture (CLP)-induced sepsis [40].
Although genipin inhibits inflammation in LPS-induced ALI [5], the
precise mechanism remains unclear. Previous studies reported that
activation of PI3K/AKT signaling inhibits the LPS-induced inflamma-
tion response in ALI [41,42]. In the present study, we found that an
inhibitor of PI3K reversed the protective effects of genipin against in-
flammation in ALI, indicating that genipin prevents LPS-induced in-
flammation via the PI3K/AKT pathway.

As a potent stimulus, LPS causes cell damage by activating toll-like
receptor 4 (TLR-4), after which nuclear factor kappa B (NF-κB) trans-
locates into the nucleus to regulate the expression of related in-
flammatory genes [17]. PI3K/AKT signaling regulated NF-κB pathways
negatively and reduced the inflammatory response in LPS-stimulated
cells [43]. Thus, PI3K signaling might play a pivotal role in the main-
tenance of homeostasis and the integrity of the immune response during
sepsis [44]. Correspondingly, PI3K-AKT signaling inhibition enhanced
the mortality and circulating proinflammatory cytokine levels in mice

with endotoxemia [45]. Activation of the PI3K pathway negatively
regulates potentially pathogenic excessive TLR responses via B-cell
adaptor for PI3K (BCAP) [46]. The preventive effect of genipin against
LPS-induced activation of NF-κB signaling has been demonstrated in a
previous study [7]. In the present study, we found that LY294002 in-
hibited the preventive effect of genipin against LPS-induced activation
of NF-κB signaling, suggesting that genipin inhibits LPS-induced acti-
vation of NF-κB signaling via PI3K/AKT signaling.

5. Conclusion

The results of the present study show convincing evidence that
genipin activates the PI3K/AKT signaling pathway significantly, indu-
cing protection against mitochondria-dependent apoptosis, ERS, and
inflammation during LPS-induced ALI.
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