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Background: The aim of this study was to assess the effects and mechanisms of allicin in a sepsis-induced lung injury in vivo
study.

Material/Methods: The rats (n=54) were divided into 6 groups: Normal, DMSO, LPS, LPS+LD, LPS+MD, and LPS+HD groups. After
being treated by different methods, we collected the lung tissues of different groups and evaluated the pa-
thology by HE staining and positive apoptosis cells by TUNEL. We assessed the W/D ratio, inflammatory cyto-
kines (TNF-a, IL-6 and IL-1f), and relative protein expressions (TLR4, MyD88, NF-kB, caspase-3, and caspase-9)
by IHC assay.

Results: Compared with LPS group, the lung injury and positive cell number of allicin treated groups were significantly
improved with dose-dependent (P<0.05, respectively) and the W/D ratio and TNF-a, IL-6 and IL-1B concen-
tration were significantly down-regulation compared with those of LPS group with dose-dependent (P<0.05,
respectively). By IHC, the TLR4, MyD88, NF-kB, caspase-3 and caspase-9 protein activities of allicin treated
groups were significantly suppressed compared with those of LPS group (P<0.05, respectively) in lung tissues.

Conclusions: This in vivo study shows that allicin improved sepsis-induced lung injury by regulation of TLR4/MyD88/NF-kB.
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Background

Acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) are common critical diseases that are associated with high
mortality [1]. The incidence of ALI/ARDS varies by cause. According
to studies of ICU patients in different areas, the incidence of ALI/
ARDS is estimated to be between 20% and 50% [2,3], and the
mortality rate of ALI/ARDS is 15% to 72% [4-6]. Overall, the mor-
tality rate of ARDS is still high. The pathogenesis of ALI/ARDS is
complex [7], and the lungs are most susceptible. Systemic immune
inflammation induced by severe injury may lead to decreased
lung capacity and lung compliance, as well as progressive hypox-
emia and respiratory distress resulting from imbalance of ventila-
tion/blood flow ratio, which eventually becomes life-threatening.

The specific cellular and molecular mechanisms of ALI/ARDS re-
main unclear. Prior evidence has shown that the pathogenesis of
ALl mainly includes imbalances of cytokines, oxidative stress in-
jury, and apoptosis [8]. Cytokine imbalance refers to the massive
release of inflammatory factors by activation of many monocytes
and macrophages in the pathogenesis of ALI. The imbalance be-
tween inflammatory factors and anti-inflammatory factors can
induce lung and systemic inflammatory response. Activation of
neutrophils produces and releases a large amount of reactive ox-
ygen species (ROS) in ALl ROS can damage pulmonary paren-
chymal cells directly through oxidized cell membrane lipids, and
can also damage interstitial components such as capillary base-
ment membrane to cause lung injury. Furthermore, inflamma-
tion and oxidative damage together contribute to the increase
in capillary permeability, tissue edema, and further aggravation
in tissue damage. Apoptosis increases remarkably in the course
of ALl, which can occur in pulmonary vascular endothelial cells in
the early stage of ALl, and also participates in the reconstruction
and functional recovery of lung tissue in the recovery stage of AL

Garlic is a medicine and food dual-use food in Asian countries such
as China. Allicin is a volatile sulfide extracted from garlic bulbs. In
recent decades, increasing attention has been paid to research on
and application of allicin. Studies have shown that garlic has an-
ti-tumor, antibacterial, and antiviral effects, as well as improving
immunity [9,10]. However, there is still no report on the role and
mechanism of allicin in improving ALI. In this study, a rat model
of ALl was constructed by LPS to explore the therapeutic effect
of allicin on ALl by intragastric administration and to determine
the mechanism by detecting the related signaling pathways.

Material and Methods

Experimental animals

We obtained 40 male SD rats weighing 200-220 g pur-
chased from the Laboratory Animal Center of Nanjing Medical

Shen N. et al.:
Allicin improves lung injury
© Med Sci Monit, 2019; 25: 2567-2576

University. Before experiments, animals were kept at 20-22°C
for 1-2 weeks in an SPF animal room to adapt to the environ-
ment, with free access to food and water. All experimental pro-
cedures were approved by the Laboratory Animal Management
Ethics Committee of Wenzhou Medical University. Animal pro-
cessing and experimental operations were in accordance with
the ethical requirements for laboratory animals.

Major experimental reagents

We used the following reagents: Allitride Injection (Shanghai
Hefeng Pharmaceutical Co.; specification: 5 mL/60 mg); endo-
toxin (LPS, SIGMA, 5 mg/kg, Escherichia coliB55: 5, iv); ELISA
kit for tumor necrosis factor o (TNF-t), interleukin 1 (IL-1p)
and interleukin 6 (IL-6) in rats, and DMSO (R&D); TUNEL kit
(ROCHE); mouse anti-rat TLR4, MyD88, NF-xB, and caspase-3
and caspase-9 antibodies (CST Company).

Experimental methods

We randomly divided 54 healthy adult male SD rats into 6 groups
(n=9): normal group (Normal), DMSO gavage group (DMSO),
LPS group, LPS model rat low-dose allicin group (25 pg/mL)
(LPS+LD), LPS model rat middle-dose allicin group (50 pg/mL)
(LPS+MD), and LPS model rat high-dose allicin group (100 pug/mL)
(LPS+HD). Rats were fasted for 12 h before the experiment, with
free access to drinking water. Rats in LPS, LPS+LD, LPS+MD, and
LPS+HD groups were injected intraperitoneally with the corre-
sponding dose of endotoxin (20 mg/kg) to establish the ALI rat
model. Rats in LPS+LD, LPS+MD, and LPS+HD groups were in-
jected with 25 pg/mL, 50 pg/mL or 100 pg/mL allicin (injection
volume of 20 mL/kg) at the same time as LPS injection, once
every 12 h. Furthermore, rats in the DMSO group were given
intraperitoneal injection of DMSO and normal saline at the vol-
ume of 20 mL/kg once every 12 h. Rats in the Normal and LPS
groups received intraperitoneal injection of 20 mL/kg of saline
once every 12 h. The rats in each group were killed by exces-
sive anesthesia with chloral hydrate after 24 h of corresponding
treatment, after which the lung tissue and alveolar lavage fluid
were removed to test the corresponding indicators.

Main outcome measures
Wet/dry mass ratio (W/D) of lung tissue

After 24 h after modeling, 5 rats in each group were killed via
excessive anesthesia with 10% chloral hydrate. The left lung
was removed after thoracotomy, followed by quick removal
of water and blood on the lung surface with filter paper. After
weighing and recording the mass, the collected tissues were
baked in an oven at 80°C for 48 h to reach a constant mass.
With another weighing of tissues via electronic balance, the
W/D values of lung tissues were calculated in each group (n=5)
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Figure 1. Pathological in different groups by HE staining (200x). Normal : The rats were injected with normal saline; DMSO: The rats
were injected with DMSO; LPS: The rats were injected with LPS; LPS+LD: The rats were injected with LPS and low-dose allicin
(25 pg/mL); LPS+MD: The rats were injected with LPS and Middle-dose allicin (50 pg/mL); LPS+HD: The rats were injected
with LPS and High-dose allicin (100 pg/mL). & P<0.001 vs. normal; * P<0.05; ** P<0.01; *** P<0.001 vs. LPS group; * P<0.05;

P<0.01 vs. LPS+LD group; $ P<0.05 vs. LPS+MD group.

Hematoxylin-eosin (HE) staining of lung tissue

The upper lobe of the right lung was collected in the rats for
the measurement of W/D. The collected tissues were fixed with
40 g/L polyformaldehyde for 12 h, followed by embedding in
paraffin for routine dehydration treatment, and preparation
of 5-pm slices. After dewaxing and staining with hematoxylin-
eosin staining, pathological changes in lung tissue were ob-
served under an optical microscope (Olympus, Japan) (n=5).

Detection of levels of inflammatory factors TNF-c, IL-1[3,
and IL-6 in bronchoalveolar lavage fluid by ELISA

After 24 h of endotoxin treatment, rats were anesthetized with
chloral hydrate in 10% volume fraction. The bronchoalveolar

lavage fluid of each group was collected according to the above
methods. The mass concentrations of TNF-q, IL-1B, and IL-6 in
bronchoalveolar lavage fluid were detected by use of an ELISA
kit (R&D Company) according to the instruction manual. The
absorbance value was measured at 450 nm using an ELx800
Microplate Reader (BioTek). Mass concentrations of TNF-c,
IL-1B, and IL-6 in bronchoalveolar lavage fluid samples were
calculated according to the standard curve.

Detection of apoptosis in lung tissues via TUNEL assay

Rats were anesthetized with chloral hydrate in 10% volume
fraction after endotoxin treatment for 24 h. After cardiac per-
fusion with pre-cooled 0.01 mol/L PBS in anesthetized rats, the
right middle lobe was removed quickly and fixed with 40 g/L
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Figure 2. The number of positive cells in different groups by TUNEL (400x). Normal: The rats were injected with normal saline; DMSO:
The rats were injected with DMSO; LPS: The rats were injected with LPS; LPS+LD: The rats were injected with LPS and low-
dose allicin (25 pg/mL); LPS+MD: The rats were injected with LPS and Middle-dose allicin (50 pg/mL); LPS+HD: The rats were
injected with LPS and High-dose allicin (100 pg/mL). & P<0.001 vs. normal; * P<0.05; ** P<0.01; *** P<0.001 vs. LPS group;
# P<0.05; P<0.01 vs. LPS+LD group; * P<0.05 vs. LPS+MD group.

polyformaldehyde for 12 h. Following immobilization, dehy-
dration, and paraffin embedding, the apoptosis of lung tis-
sue was detected in strict accordance with the procedure of
TUNEL staining. The staining of lung tissue was observed un-
der a light microscope, in which the positive apoptotic cells
showed yellow staining in the nuclei. With the selection of over
10 fields of vision (high magnification of x400), the number of
apoptotic cells and the total number of cells were observed by
Image-Pro Plus 6.0 software to calculate the number of apop-
totic cells in lung tissues.

Immunohistochemical staining

Rat lung tissue blocks (0.5x0.5 cm) were placed in 4% neu-
tral paraformaldehyde for 24 h, followed by routine paraffin

embedding, preparation of 4-um slices, baking at 60°C for
90 min, routine dewaxing, washing, and high-pressure anti-
gen repair (pH 6.0). After adding normal serum for blocking,
TLR4, MyD88, NF-kB, caspase-9, and caspase-3 (1: 200) were
dripped, respectively, followed by the addition of biotinylated
sheep anti-rabbit antibody. Then, 3,3’-diaminobenzidine (DAB)
was applied for development, followed by re-staining with he-
matoxylin, dehydration, transparentizing, and sealing. The phos-
phate buffer instead of the primary antibody was applied in
the Normal group. The expression of related proteins was mea-
sured using the Alpha Innotech (USA) image analysis system.
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Figure 3. The W/D ratio and relative inflammatory cytokines. Normal: The rats were injected with normal saline; DMSO: The rats were
injected with DMSO; LPS: The rats were injected with LPS; LPS+LD: The rats were injected with LPS and low-dose allicin
(25 pg/mL); LPS+MD: The rats were injected with LPS and Middle-dose allicin (50 pg/mL); LPS+HD: The rats were injected
with LPS and High-dose allicin (100 pg/mL). & P<0.001 vs. normal; * P<0.05; ** P<0.01; *** P<0.001 vs. LPS group; * P<0.05;

P<0.01 vs. LPS+LD group; * P<0.05 vs. LPS+MD group.

Statistical analysis

Graph Pad Prism 5.0 software was used for mapping and
SPSS 21.0 (Chicago, USA) statistical software was used for
data analysis. Measurement data are expressed as mean +SD,
and comparisons between groups were made using one-way
analysis of variance (ANOVA). P<0.05 meant that the differ-
ence was significant.

Results

HE staining in lung tissue

After endotoxin treatment for 1 h, rats began to exhibit re-
duced activity, poor spirits, and dysentery. Compared with the
LPS group, rats in the LPS+LD, LPS+MD, and LPS+HD groups
showed alleviation in the above symptoms, and the activity
and mental state of rats was acceptable, showing a dose-effect
relationship. Histological examination showed that the sur-
face of lung tissue in the Normal group and DMSO group was
smooth and pink, with no fluid exudation or bleeding points.

Meanwhile, observation under the optical microscope revealed
that the lung tissue was clear, the alveolar wall was thin, and
there was no liquid exudation in the alveoli (Figure 1). The
lung tissue of LPS-treated rats showed congestion and edema,
rough surface, and patchy necrosis. Furthermore, there were
pulmonary interstitial edema, diffuse hemorrhage, extensive
infiltration of inflammatory cells, thickening of alveolar wall,
and a large amount of fluid exudation as revealed by optical
microscopy (Figure 1). The degree of pulmonary edema was
improved in LPS+LD, LPS+MD, and LPS+HD groups, with alve-
olar hemorrhage and inflammatory cell infiltration observed
under an optical microscope. Pulmonary edema, alveolar hem-
orrhage, and inflammatory cell infiltration were milder than
in the ALl group, and the improvement of symptoms showed
a dose-effect relationship. Comparison in the pathological score
showed that the degree of lung injury in LPS+LD, LPS+MD and
LPS+HD groups was significantly lower than that in LPS group
(P<0.05, P<0.01 or P<0.001, Figure 1), with a remarkable dose-
effect relationship (P<0.05, respectively).
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Effect of allicin on apoptosis of lung tissue in rats with ALI

As shown in Figure 2, the nuclei of normal cells were blue-green
in TUNEL staining, while those of apoptotic cells were stained
yellowish-brown. TUNEL staining of lung tissue showed that
there were yellow-brown and brownish-brown apoptotic nu-
clei in all groups. The presence of yellow-brown was extremely
low in Normal and DMSO groups, with relatively fewer apop-
totic cells, indicating no significant difference between the
2 groups (P>0.05). Compared with the Normal group, the num-
ber of yellow-brown apoptotic cells increased significantly in
the LPS group (P<0.001). However, compared with the LPS
group, the number of yellow-brown apoptotic cells in the
LPS+LD, LPS+MD, and LPS+HD groups decreased significantly
after the administration of different doses of allicin (P<0.05,
P<0.01 or P<0.001, respectively).

Allicin affected W/D ratio and related inflammatory
cytokines

Compared with the Normal group, the W/D ratio, as well as
TNF-a, IL-6, and IL-1p concentrations, of the LPS group were
significantly increased (P<0.001 all). With allicin supplementa-
tion, the W/D ratio and TNF-q, IL-6, and IL-1 concentrations
of allicin-treated groups were significantly lower compared
with those of the LPS group, and the effect was dose-depen-
dent (P<0.05 all) (Figure 3).

Allicin affected inflammatory-related proteins expression
by IHC

Compared with the Normal group, the TLR4, MyD88, and NF-kB
proteins expressions of the LPS group were significantly stim-
ulated (P<0.001 all); however, the TLR4, MyD88, and NF-kB
proteins expressions were significantly depressed in allicin-
treated groups compared with those of the LPS group, and the
effect was dose-dependent (P<0.05, respectively) (Figure 4).

Allicin affected cell apoptosis-related proteins expression
by IHC

Compared with the Normal group, the caspase-9 and caspase-3
proteins expressions of the LPS group were significantly stimu-
lated (P<0.001, respectively); however, the caspase-9 and cas-
pase-3 proteins expressions were significantly depressed in
allicin-treated groups compared with those of the LPS group,
and the effect was dose-dependent (P<0.05 all) (Figure 5).

Discussion

The present study is the first to demonstrate the protective
effect of allicin against endotoxin-induced acute lung injury
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in rats via intraperitoneal injection. Intraperitoneal injection
of allicin obviously reduced the level of inflammatory factors
in bronchoalveolar lavage fluid of rats and alleviated pulmo-
nary inflammation caused by endotoxin. For cell apoptosis of
lung tissue, allicin can inhibit the activation of caspase-3 and
caspase-9 in lung tissue, decrease the occurrence of cell apop-
tosis, and then reduce lung tissue injury. In summary, allicin
can play a protective role in endotoxin-induced ALl from dif-
ferent aspects, such as anti-inflammation and reducing apop-
tosis in the early stage.

ALl and ARDS are common syndromes with high mortality and
characterized by progressive dyspnea and intractable hypox-
emia due to various causes inside and outside the lung [11].
Sepsis is one of the most important causes of ALl, and sepsis
is a common clinical critical disease, which can cause damage
to all organs of the body, of which the lung is the most vulner-
able. Lung injury occurs early and severely in sepsis with com-
mon manifestation of ALl or ARDS, which is an important cause
of death [12]. Endotoxin is the main component of the cell
wall of gram-negative bacteria. ALl caused by sepsis is closely
related to the endotoxin level of the cell wall component of
gram-negative bacteria in plasma, of which endotoxin is rec-
ognized as the primary substance causing sepsis-induced ALI.
Therefore, the animal model of ALl was established by intra-
peritoneal injection of endotoxin (20 mg/kg) in rats [13]. Our
study revealed that animals treated with endotoxin showed
significant lung damage and dysfunction, such as increased
breathing and decreased activity. HE staining and observation
by electron microscopy showed significant alveolar damage,
including thinning of the alveolar wall, infiltration of inflam-
matory cells, fluid exudation, obvious increase in W/D ratio of
lung tissue, increased alveolar lavage fluid cells, and remark-
able increase in the level of inflammatory factors, which was
consistent with a previous study [14].

The pathogenesis of ALl is extensive injury of pulmonary ves-
sels caused by pulmonary inflammation, oxidative stress, and
disorder of cell apoptosis, leading to lung ventilation dysfunc-
tion and multiorgan dysfunction [15,16]. Therefore, inhibition
of inflammatory response, oxidative stress, and cell apoptosis
are effective approaches to alleviate ALI. In ALl, inflammatory
cells in lung tissues are activated to produce a cascade im-
mune response, which stimulates the release of inflammatory
factors, chemokines, adhesion molecules, reactive oxygen spe-
cies, and other injury mediators. Studies have shown that in-
flammatory factors such as TNF-q, IL-6, and IL-1P play an im-
portant role in the early inflammatory response of ALl [17].
Inflammation is the central link of endotoxin-induced ALI.
The intensity of inflammation in lung tissues can be accu-
rately reflected by detecting the contents and morphological
changes of cells in bronchoalveolar lavage fluid and the level
of important inflammatory factors.
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Figure 4. (A—C) Inflammatory relative proteins expression by IHC (400x). Normal: The rats were injected with normal saline; DMSO:
The rats were injected with DMSO; LPS: The rats were injected with LPS; LPS+LD: The rats were injected with LPS and low-
dose allicin (25 pg/mL); LPS+MD: The rats were injected with LPS and Middle-dose allicin (50 pg/mL); LPS+HD: The rats were
injected with LPS and High-dose allicin (100 pg/mL). #& P<0.001 vs. normal; * P<0.05; ** P<0.01; *** P<0.001 vs. LPS group; *

P<0.05; P<0.01 vs. LPS+LD group; ® P<0.05 vs. LPS+MD group.

TLR4 is one of the most important TLRs sub-types to identify
pathogenic bacteria and play a key role in the innate immune
system. The Toll/IL-1 receptor (TIR) domain in the cytoplasmic
region binds to TIR at the carboxyl end of the intracytoplas-
mic adaptor protein MyD88 to form a complex. It recruits and
binds to IL-1 receptor-related kinase (IRAK) and phosphorylates
itself. After binding to tumor necrosis factor receptor-related
factor 6 (TRAF6), it activates IKB kinase (IKKs), cause ubiqui-
tination and degradation of IKB, and activates NF-kB. It also
transfers cytoplasm to the nucleus, initiates or enhances the
transcription and translation of many genes related to inflam-
mation and immunity, exerts early immune response, and me-
diates hepatic inflammation [18,19]. The cytokines induced
by NF-xB not only mediate inflammation, but also further
up-regulate the activity of NF-xB to form a positive feedback

regulation mechanism, which can produce cascade amplifica-
tion of inflammation in organisms [20]. In this study, following
LPS induction, there was significant up-regulation of TLR4 ex-
pression, synchronous changes in adaptor protein MyD88 and
NF-kB with TLR4 expression, up-regulation of expressions in
downstream inflammatory cytokines IL-1B, TNF-o, and IL-6, and
increased expression of apoptosis-related proteins caspase-9
and caspase-3, suggesting that LPS-induced lung injury is as-
sociated with TLR4/MyD88/NF-kB signaling pathway activa-
tion induced by LPS. After intraperitoneal injection of allicin,
the TLR4/MyD88/NF-xB signaling pathway was also signifi-
cantly inhibited, which appears to be related to the improve-
ment of LPS-induced lung injury by allicin.
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Figure 5. (A, B) The apoptosis relative proteins expressions by IHC (400x). Normal: The rats were injected with normal saline; DMSO:
The rats were injected with DMSO; LPS: The rats were injected with LPS; LPS+LD: The rats were injected with LPS and low-
dose allicin (25 pg/mL); LPS+MD: The rats were injected with LPS and Middle-dose allicin (50 pg/mL); LPS+HD: The rats were
injected with LPS and High-dose allicin (100pg/mL). & P<0.001 vs. Normal; * P<0.05; ** P<0.01; *** P<0.001 vs. LPS group;

# P<0.05; P<0.01 vs. LPS+LD group; * P<0.05 vs. LPS+MD group.
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Conclusions

Allicin can improve lung injury induced by LPS-induced in-
flammatory response by regulating the TLR4/MyD88/NF-kB
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