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Abstract

Objective and design This study aimed to investigate the anti-pulmonary inflammation effect of emodin on Wistar rats with
lipopolysaccharide (LPS)-induced acute lung injury (ALI) and RAW?264.7 cells through the mammalian target of rapamycin
(mTOR)/hypoxia-inducible factor- 1o (HIF-1o)/vascular endothelial growth factor (VEGF) signaling pathway.

Subjects Wistar rats and RAW?264.7 cells were studied.

Treatment LPS was used to induce inflammation in rats or RAW?264.7 cells and emodin was given once a day before LPS
stimulation and continued for a certain number of days.

Methods Lung tissues and bronchoalveolar lavage fluid (BALF) were collected for the in vivo experiment, while cells and
supernatant were collected for the in vitro experiment. Pathological changes in the lung tissues were assessed by hematoxylin
and eosin staining. The levels of inflammatory factors, including TNF-a, IL-1f, and IL-6, were determined by enzyme-
linked immunosorbent assay. The expression levels of p-mTOR, HIF-1a, and VEGF proteins were measured by Western blot
analysis and immunohistochemistry. The mRNA levels of p70S6K, eIF4E-BP1, and eIF4E were measured by quantitative
polymerase chain reaction.

Results Emodin ameliorated pathological changes and infiltrated inflammatory cells in LPS-induced ALL. It also significantly
reduced the expression of inflammatory factors, including TNF-a, IL-1p, and IL-6, in BALF and downregulated the expres-
sion of p-mTOR, HIF-1a, and VEGF proteins in the lung tissues. Similar anti-inflammatory effects and the downregulation
of the mTOR/HIF-1a/VEGEF signaling pathway were found in RAW264.7 cells. The mRNA levels of p70S6K, eIF4E-BP1,
and elF4E also decreased in the macrophages.

Conclusion Emodin alleviated LPS-induced pulmonary inflammation in rat lung tissues and RAW264.7 cells through inhibit-
ing the mTOR/HIF-10/VEGF signaling pathway, which accounted for the therapeutic effects of emodin on ALI.
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Introduction

Acute lung injury (ALI) is the injury to alveolar epithelial
cells and capillary endothelial cells induced by various
Responsible Editor: John Di Battista. direct and indirect factors, consequently inducing diffuse
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pulmonary interstitial edema, alveolar edema, and acute or
chronic hypoxic respiratory insufficiency. ALI and progres-
sive acute respiratory distress syndrome are the major causes
of acute respiratory failure, with the mortality rate as high
as 30-40% [1]. Recent studies have shown that pulmonary
edema and inflammatory infiltration, as well as hyperplasia
of pulmonary microvascular endothelial cells induced by
inflammatory factors, are important pathogeneses of ALI
[2]. Therefore, efficient control of inflammatory responses
is the key strategy for treating ALI.

Rheum officinale (Da Huang), a traditional Chinese medi-
cine (TCM), could ameliorate inflammatory responses [3].
It has been used for treating pulmonary diseases in China
over a thousand years [4]. Emodin is one of the major active
components of R. officinale. It has various effects, including
anti-inflammation, anti-tumor, and vasodilatation [5-7]. For
example, emodin could reduce the expression of the nuclear
transcription factor NF-kB and consequently control inflam-
matory responses during ALI [8, 9]. The mammalian target
of the rapamycin (mTOR) signaling pathway participates
in regulating biological activities of pulmonary vascular
endothelium and alveolar epithelial cells during ALI and
therefore plays an important role in the development and
progression of ALI [10, 11]. The activation of the mTOR
signaling pathway could potentially regulate the transloca-
tion of hypoxia-inducible factor-1o (HIF-1a) from the cyto-
plasm to the nuclei, which in turn improves the expression
of vascular endothelial growth factor (VEGF), increases the
infiltration of inflammatory factors, and aggravates ALI[11,
12]. However, only few studies have investigated the anti-
inflammatory role of emodin in ALI through the mTOR/
HIF-10/VEGF signaling pathway.

In this study, rats with LPS-induced lung injury and
RAW?264.7 macrophages were used to investigate the role
of the mTOR/HIF-1a/VEGF signaling pathway in the effects
of emodin on alleviating inflammatory responses in ALL.

Materials and methods
Materials and regents

Emodin (98%; Sinopharm Chemical Reagent Co., Ltd,
China), dexamethasone (DEX; 0.75 mg; Shanghai
Xinyi Pharma Co., Ltd, China), endotoxin (LPS 055:BS5,
057M4013V, Sigma, USA), rabbit multiclonal p-mTOR
antibody (ab118815, Abcam, Cambridge, UK), rabbit mul-
ticlonal HIF-1a antibody (ab216842, Abcam), rabbit mono-
clonal VEGF antibody (ab32152, Abcam), anti-rabbit immu-
noglobulin G (H+L) (8889S, Cell Signaling, MA, USA),
polyvinylidene difluoride (PVDF) membrane (Millipore,
Bedford, MA, USA), enhanced chemiluminescence rea-
gent (Beyotime Biotech, Jiangsu, China), EnVision reagent
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(HRP/Rabbit; Dako, Denmark), PrimeScript™ reverse
transcription-polymerase chain reaction (RT-PCR) reagent
kit with gDNA Eraser (TaKaRa, Kusatsu, Japan), and Opti-
Minimum Eagle’s medium (MEM) culture medium (Shang-
hai Universal Biotech Co, Shanghai, China) were used in
this study. The primers for polymerase chain reaction (PCR)
were synthesized by Invitrogen Ltd. (Shanghai) as follows
according to a previous report: rat HIF1a, forward: 5-GAT
GACGGCGACATGGTTTAC-3, reverse: 5'-CTCACTGGG
CCATTTCTGTGT-3'; rat eIF4E, forward: 5'-ACCCCTACC
ACTAATCCCCC-3', reverse: 5'-CAATCGAAGGTTTGC
TTGCCA-3'; rat Eif4ebpl, forward: 5'-GGGGACTACAGC
ACCACTC-3', reverse: 5'-GTTCCGACACTCCATCAG
AAAT-3'; rat p70S6K, forward: 5'-GGGGCTATGGAA
AGGTTTTTCA-3', reverse: 5'-CGTGTCCTTAGCATT
CCTCACT-3'; rat GAPDH, forward: 5'-AGGTCGGTGTGA
ACGGATTTG-3, reverse: 5'-TGTAGACCATGTAGTTGA
GGTCA-3'.

Animals

Male Wistar rats (n=45), with the age of 8 weeks and body
weight of 180-220 g, were provided by the Experimental
Animal Center of Shanghai University of Traditional Chi-
nese Medicine (Certification No. SCXY(HU)2013-2016).
The rats were kept in a controlled room (25 +2 °C, 45-60%
humidity), with a cycle of 12-h light/12-h dark and allowed
free access to food and water. They were randomly divided
into five groups: normal group, model group (LPS only),
dexamethasone (DEX) group, emodin low-dosage group
(emodin-L group, 20 mg/kg), and emodin high-dosage group
(emodin-H group, 40 mg/kg), with nine rats in each group.
The corresponding drug was administered intragastrically
for 5 days (once a day). LPS (8 mg/kg) was injected through
the caudal vein 2 h after the gavage on the 5th day and then
the samples were collected 7 h later. The emodin suspension
was prepared using 0.5% sodium carboxymethylcellulose
(CMC-Na) and the dosage volume was 10 mL/kg. For the
rats in the normal and model groups, the same volume of
CMC-Na was administered. For the rats in the DEX group,
dexamethasone solution was given intragastrically with a
dosage of 0.27 mg/kg. The use of the animals and the proto-
cols of this study were approved by the Institutional Animal
Care and Use Committee of Shanghai University of TCM
(Animal Ethics Review No. SZY201708005). The study was
conducted strictly in agreement with the China’s laws of
animal use and care.

Collection of bronchoalveolar lavage fluid
and macrophages

The rats were anaesthetized by intraperitoneal injection of
20% urethan (5 mL/kg), and the bronchoalveolar lavage
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fluid (BALF) was collected from the right lung. In brief, the
bronchus in the right lung was exposed and then bronchial
intubation was conducted. Normal saline with the total vol-
ume of 3 mL (4 °C, pH 7.0; 1 mL/time) was instilled, which
was retrieved three times, and the recovery rate was >90%.
The BALF samples were centrifuged at 4 °C and 3000 rpm
for 15 min and the supernatant was used for measuring the
levels of inflammatory factors by enzyme-linked immuno-
sorbent assay (ELISA). The precipitated cells were resus-
pended in Roswell Park Memorial Institute (RPMI) 1640
culture medium with 10% fetal bovine serum. A cell count-
ing chamber was used to estimate the cell count and then the
cell density was adjusted to 1 x 10®/mL for further real-time
PCR experiment.

Collection of lung tissues

After the BALF collection, those rats were sacrificed by
cervical dislocation and the superior lobe of the right lung
was harvested for pathological examinations and protein
measurements. However, the left lung was washed with cold
isotonic saline solution and blotted dry with a filter paper,
then the wet weight (W) was measured. In addition, the right
lung was placed in a 60 °C stove for 72 h and then the dry
weight (D) was measured. The ratio of W/D was calculated.

Culture of RAW264.7 cells

The mouse macrophage cell line RAW264.7 was purchased
from the Shanghai Cell Bank of the Chinese Academy of
Sciences. The RAW?264.7 cells were thawed and cultured
with high-glucose full DMEM culture medium at 37 °C
in the presence of 5% CO, in an incubator for 24 h and
then the cells were observed under a microscope. After
reaching 80-90% confluence, the cells were passaged. The
macrophages in the logarithmic phase were collected for
the experiments in this study. The cells were divided into
six groups as following: normal group, model group (LPS
only), emodin-L group (10 pM), emodin-M group (20 pM),
and emodin-H group (40 pM), and rapamycin (RAPA)
group (30 nmol/L). Cells with the density of 1x 10®mL
and 3 mL of DMEM culture medium were added to each
well in the six-well culture plate and cultured for 18 h to
allow the attachment of cells. Then, the culture medium was
discarded, while emodin, RAPA, or blank CMC-Na solu-
tion were added to each group with a final concentration as
designated above, respectively. After pre-treatment of 2 h,
except for normal group LPS (final concentration of 500 ng/
mL) was added to stimulate the cells for 16 h. Then, an
inverted microscope was used to observe and record the cell
morphology for all of the groups. Three replicates were used
for each experimental group.

ELISA assay

ELISA kit was used to measure the levels of inflammatory
factors, including TNF-a, IL-1p, and IL-6, in the BALF and
supernatant of RAW264.7 cells, according to the manufac-
turers’ protocols.

HE staining

The right superior lobe and intestine tissues were obtained
and routinely fixed with 10% formaldehyde, followed by gra-
dient dehydration. The samples were cut into small pieces
measuring 1x 1x0.3 cm? for paraffin embedding, which
was followed by slicing, bleaching, and HE staining. A light
microscope was used to observe the pathological changes in
the lung and intestinal tissues.

Immunohistochemistry assay

The paraffin-embedded slices were routinely dewaxed. Cit-
rate buffer (CB), pH 6.0, was added for heat-induced antigen
retrieval and then the slices were incubated with 0.3% H,0,
at room temperature for 20 min. Afterwards, 20% normal
goat serum was added to incubate the slices for 30 min,
the corresponding primary antibodies were added, and the
slices were incubated at 37 °C for another 2 h. The slices
were incubated with EnVision reagent (HPR/R) at 37 °C
for 30 min, followed by development with diaminobenzi-
dine (DAB) for 8—12 min, counterstained using hematoxy-
lin, blow-dried, and then mounted with resin. The Image
Analysis System for cell image analysis and Medical Image
Analysis software were used to obtain the images and quan-
titatively analyze the data. Three individual visual fields
were randomly selected for each slice. The ratio of the posi-
tive area in each sample was calculated (area of positive
cells/total area) and used for the analysis. The pathological
injuries of the lung tissues were assessed using the scoring
criteria described by Kao [13].

Western blot analysis

Lung tissues or RAW?264.7 cells were obtained and homog-
enized to extract the protein, which was quantified by the
bicinchoninic acid (BCA) method. The same amount of
protein was obtained for 6% SDS-PAGE electrophoresis,
followed by constant voltage transmembrane at 100 V for
180 min. Then, the primary antibody (against p-mTOR,
HIF-1a, or VEGF) was added and incubated at 4 °C over-
night. The membrane was washed with TBST and then
the diluted secondary antibody was added to incubate for
1 h. The membrane was washed with TBST again, follow-
ing which the gel imaging analysis system was used for the
analysis. The AlphaView SA software (ProteinSimple, CA,
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USA) was used to analyze the grayscale value, which was
used for the quantitative analysis. The ratio of the grayscale
of the target strip to the grayscale of the strip of internal
reference was calculated as the relative expression level of
the target protein.

Real-time fluorescent PCR

A synthesis kit was used for the real-time fluorescent PCR
following the manufacturers’ protocols. Reverse transcrip-
tion of 500 ng RNA was conducted to obtain the cDNA,
with the reaction conditions as follows: 37 °C for 15 min,
followed by 85 °C for 5 s. The conditions for the PCR were
as follows: 95 °C for 30 s, followed by 95 °C for 3 s, and
60 °C for 30 s. The PCR was conducted for 40 cycles. The
ACT method was used to assess the mRNA levels of the
genes, using GAPDH as the internal reference.

Statistical analysis

All data were described with means and standard division.
SPSS18.0 software (IBM, NY, USA) was used for the analy-
sis of the data. One-way analysis of variance was conducted
for the comparisons among different groups. P <0.05 was
considered statistically significant.

Fig. 1 Pathological changes in the lung tissues in rats. a—e Observing
the slices of rat lung tissues under a light microscope (HE x200). a
Normal group; b model group (LPS only); ¢ DEX group; d emodin-
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Results
Pathological changes in the lung tissues

The observations under the light microscope (200 %)
revealed interstitial pneumonia, interstitial microvascular
edema, and inflammatory cell infiltration (++) in the model
group (Fig. 1). However, the application of different concen-
trations of emodin evidently ameliorated the pathological
changes in the lung tissues and the number of infiltrated
inflammatory cells also decreased evidently (Fig. 1). The
W/D ratio could better reflect the permeability of the inter-
stitial capillaries and indicate the severity of pulmonary
edema. The results in this study showed that compared with
the normal group, the W/D ratio in the model group was
significantly higher, while the application of emodin signifi-
cantly reduced the W/D ratio (Fig. 1f).

Levels of TNF-a, IL-18, and IL-6 in BALF
and RAW264.7 cells

Compared with the normal group, the levels of TNF-a,
IL-1p, and IL-6 proteins in BALF were significantly higher
in the model group (P <0.05). However, the levels of each

L group; e emodin-H group; and f wet weight vs dry weight (W/D)
ratio of the lung tissues. *P <0.05, compared with the normal group;
*P<0.05, **P <0.01, compared with the model group
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protein significantly decreased in the emodin-H group
(Fig. 2a).

Regarding the results in the RAW?264.7 cells, the levels of
TNF-a, IL-1p, and IL-6 proteins increased significantly in
the model group compared with the normal group (P <0.05
or P<0.01). The TNF-« level was significantly lower in the
emodin-L, emodin-M, and RAPA groups than in the model
group (P <0.05). IL-1p and IL-6 levels were also signifi-
cantly lower in the emodin-M and RAPA groups than in
the model group (P <0.05). In addition, the IL-6 level was
significantly lower in the emodin-M group than in the RAPA
group (P <0.05) (Fig. 2b).

Expression of mTOR, p-mTOR, HIF-1a, and VEGF
in the lung tissues and RAW264.7 cells

Immunohistochemistry was adopted to assess the expres-
sion of mTOR, HIF-1a, and VEGF proteins in the lung
tissues. The ratio of HIF-1a- or VEGF-positive area was

Fig.2 Levels of TNF-a,

IL-1p, and IL-6 (pg/mL) in the
bronchoalveolar lavage fluid in
rats (a, n=9) and RAW264.7
cells (b, n=3). *P<0.05,
compared with the normal
group; *P <0.05, **P<0.01,
compared with the model group
(LPS only)
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Fig.3 Expression of mTOR, HIF-1a, and VEGF proteins in the lung
tissues in rats (immunohistochemistry, X200). a Normal group; b
model group (LPS only); ¢ DEX group; d emodin-L group; e emo-
din-H group; f the relative area of positive stain for each protein. The

IL-6 TNF-a

significantly higher, while the mTOR expression was sig-
nificantly lower, in the model group compared with the
normal group (Fig. 3). However, compared with the model
group, the ratio of the VEGF-positive area was significantly
lower in the emodin-H group, the expression of mMTOR was
significantly higher in the emodin-H and emodin-L groups,
and the expression of HIF-1a was significantly lower in the
DEX group but significantly higher in the emodin-L group
(Fig. 3). The western blot analysis showed that the expres-
sion of p-mTOR, HIF-1a, and VEGF was in agreement with
the immunohistochemistry results. Compared with the nor-
mal group, the expression of p-mTOR, HIF-1a, and VEGF
was significantly higher in the model group. However, the
application of emodin significantly reduced the expression
of p-mTOR, HIF-1a, and VEGF proteins in a concentration-
dependent manner (Fig. 4).

Western blot analysis in RAW264.7 cells showed that the
expression of p-mTOR, HIF-1a, and VEGF proteins was
significantly higher in the model group than in the normal
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observation under the microscope showed that the background was
purple-blue, while the positive proteins were stained brown-yellow
or yellow. #P<0.05, compared with the normal group; *P<0.05,
**P <0.01, compared with the model group
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Fig.4 Expression of p-mTOR, A
HIF-1a, and VEGF proteins

in the lung tissues in rats.
Representative western blots
(a) and quantitative analysis for
p-mTOR (b), VEGF (c), and
HIF-1a (d) protein expres-
sion. P <0.05, compared with
the normal group; *P <0.05,
**P <0.01, compared with the
model group (LPS only)
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group (P <0.01). In addition, compared with the model
group, the expression of p-mTOR, HIF-1a, and VEGF pro-
teins was significantly lower in the emodin-H, emodin-M,
and emodin-L groups. Furthermore, in all dosages of emo-
din groups, the expression of p-mTOR, HIF-1a, and VEGF
proteins showed similar tendency with that in RAPA group,
which received a specific mMTOR inhibitor (Fig. 5).
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Expression of p70S6K, elF4E-BP1, and elF4E mRNA
in BALF macrophages and RAW264.7 cells

Compared with the normal group, the expression of p70S6K,
elF4E-BP1, and eI[F4AE mRNA in BALF macrophages was
significantly higher in the model group. In addition, com-
pared with the model group, the expression of p70S6K,

Fig.5 Expression of p-mTOR, A B
HIF-1a, and VEGF proteins in £ 1.5
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elFAE-BP1, and e[FAE mRNA decreased significantly after
the application of emodin (Fig. 6a).

Compared with the normal group, the expression of
p70S6K, eIF4E-BP1, and eIF4AE mRNA in RAW264.7 cells
was significantly higher in the model group. However, com-
pared with the model group, HIF-1ao mRNA was signifi-
cantly higher in the emodin-L group, p70S6K mRNA was
significantly lower in the emodin-L and emodin-M groups,
elF4E-BP1 mRNA was significantly lower in the emodin-
L group, and eI[F4E mRNA was significantly lower in the
emodin-L and emodin-M groups (Fig. 6b).

Discussion

The pathogeneses of ALI are complex and the pathologi-
cal bases of ALI are associated with pulmonary capillary
membrane injuries, pulmonary edema, and hyaline mem-
brane formation, which are induced by the uncontrolled
pulmonary inflammatory responses [2, 14]. LPS, a type of
endotoxin, stimulates the release of various inflammatory
mediators and is an important factor inducing ALI. The
HIF-1a/VEGF signaling pathway plays an important role
in the pathogeneses of ALI and pulmonary edema [15, 16].
Upon hypoxia, HIF-1a induces and activates the overexpres-
sion of VEGF gene [17-19], which consequently promotes
the division of vascular endothelial cells, induces angio-
genesis, and increases vascular permeability. This results
in hypertonic pulmonary edema and injuries to pulmonary
capillary endothelial cells in ALI [20]. Inhibiting HIF-1a-
induced inflammatory responses in macrophages could help
reduce inflammation-associated tissue injuries. The mTOR
signaling pathway is associated with various events, such
as cell differentiation and proliferation. The phosphoryla-
tion of mTOR could regulate the phosphorylation of various
transcription factors, including p70S6K and 4E-BP1, while
the phosphorylation of p70S6K could further promote the
expression of HIF-1a [21]. In addition, the phosphorylation
of 4E-BP1 could also promote the release of mRNA cap-
binding protein eIF4E and induce the phosphorylation and
consequent translation of HIF-1a and other proteins [20].

>

Fig.6 Comparison of HIF-1a,
p70S6K, IF4E-BP1, and elF4E 34
mRNA levels in the bronchoal-
veolar lavage fluid in rats (a,
n=9) and RAW264.7 cells (b,
n=3). #P <0.05, compared with
the normal group; *P <0.05,
**P <0.01, compared with the
model group (LPS only)

Normalization mRNA levels

p70S6K

elF4E-BP1

elF4E

However, the regulatory effects of the mTOR signaling path-
way on HIF-la and VEGEF are still controversial [22]. The
regulatory effects of mMTOR on HIF-la and VEGF vary in
different microenvironments or cell lines, while the roles
of this pathway in ALI are still unclear. The present study
found that the phosphorylation of mTOR in macrophages
increased significantly in in vivo and in vitro models, which
was accompanied by the upregulation of HIF-1a and VEGF.
After the application of mTOR inhibitor RAPA, the expres-
sion of HIF-1a and VEGF in macrophages decreased, which
was in agreement with previous findings [23]. These find-
ings demonstrated that the mTOR/HIF-1a/VEGEF signaling
pathway in the lung tissues of rat models of LPS-induced
ALI was activated.

TCM documented R. officinale as a drug that could be
used to purge heat, clear intestine, cool blood, detoxify,
remove stagnation, unblock meridian, and improve the
respiratory functions in ALI [24, 25]. Emodin is the major
active component of R. officinale. Several previous stud-
ies demonstrated that emodin could inhibit the inflamma-
tory responses and regulate pulmonary water metabolism,
anti-oxidation, and expression of pulmonary surfactant-
related proteins during ALI [9, 26, 27]. This study showed
that emodin could significantly reduce the expression of
p-mTOR; decrease the levels of inflammatory factors such
as TNF-a, IL-1p, and IL-6 in BALF; and downregulate the
mRNA expression of various transcription factors, including
p70S6K, elF4E-BP1, and eIF4E. Therefore, it was hypoth-
esized that emodin could inhibit the phosphorylation of
mTOR, consequently downregulate the downstream mRNA
expression of p70S6K and eIF4E, inhibit the expression of
HIF-1o and downstream the VEGF gene [28], and thereby
inhibit the release of inflammatory factors and improve ALI.
However, the findings in RAW?264.7 cells showed that the
level of HIF-1a did not decrease significantly in the emodin-
L and emodin-M groups, while the levels of p70S6K and
elFAE mRNA decreased significantly, which could be asso-
ciated with the effects of emodin on the half-life of HIF-1a
protein [29].

In summary, the findings of this study demonstrated that
the activation of the mTOR/HIF-1o/VEGF pathway was
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associated with the inflammatory responses in ALI, while
inhibiting this pathway could ameliorate the inflammatory
responses in ALL. Emodin could inhibit the mTOR/HIF-1o/
VEGF pathway, which could be one of the potential mecha-
nisms involved in the therapeutic effects of R. officinale on
ALL
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