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A B S T R A C T

Apolipoprotein E (ApoE) has been reported as a steroid unresponsive gene and functions as a negative regulator
of airway hyperreactivity (AHR) and goblet cell hyperplasia in house dust mite (HDM)-challenged mice.
However, the role of ApoE in Ovalbumin (OVA)-induced allergic airway inflammation disease and the under-
lying mechanism are still unknown. In the present study, murine allergic airway inflammation was induced by
inhaled OVA for consecutive 7 days in wild type (WT) and ApoE−/− mice. In the OVA-induced model, the ApoE
level in the bronchoalveolar lavage fluid (BALF) and lung tissues was significantly higher than that of control
mice. And ApoE deficiency aggravated airway inflammation including leukocytes infiltration, goblet cell hy-
perplasia and IgE production as compared to those of WT mice after OVA- challenged, suggesting ApoE servers
as an endogenous negative regulator of airway inflammation. Furthermore, OVA challenge elevated the acti-
vation of NLRP3 inflammasome with higher protein expression of NLRP3, caspase1 and IL-1β, enhanced oxi-
dative stress with higher expression of 8-OHdG, nitrotyrosine and SOD2, increased the expression of mi-
tochondrial fusion/fission markers including Optic Atrophy 1 (OPA1), Mitofusion 2 (Mfn2), dynamin-related
protein 1 (DRP1) and Fission 1 (Fis1). However, these OVA-induced changes were augmented in ApoE−/− mice.
Collectively, our results demonstrated that the OVA-induced airway inflammation was aggravated in ApoE−/−

mice, and suggested that the underlying mechanism may be associated with the augmented activation of NLRP3
inflammasome and oxidative stress in ApoE−/− mice, therefore targeting ApoE pathway might be a novel
therapy approach for allergic airway diseases such as asthma.

1. Introduction

Asthma is a common chronic airway inflammatory disease, its major
characterizations are reversible airway obstruction, airway hyper-re-
sponsiveness and airway remodeling [1]. Until now, corticosteroids are
still the first-line treatment drug for asthma. However, some patients
show very poor or no response to high doses of inhaled or oral corti-
costeroids. Some genes that has been reported to be persistent ex-
pressed despite corticosteroid treatment were classified as steroid un-
responsive genes [2]. These genes may play critical role in allergic
airway disease such as asthma. Apolipoprotein E (ApoE) which is
known for its role in cholesterol homeostasis, recently has been re-
ported as a steroid unresponsive gene and functioned as an endogenous
negative regulator of AHR and goblet cell hyperplasia [3]. However, the
role of ApoE in OVA-induced allergic airway inflammation disease and
the underlying mechanism are still unknown.

Inflammasome has been first identified as a pro-inflammatory

complex in 2002, which triggers activation of inflammatory caspase
and mature of IL-1β [4]. Among the different types of inflammasomes,
Nod-like receptor protein 3 (NLRP3) inflammasome is accumulatively
reported to contribute to allergic airway inflammation [5–7]. More-
over, NLRP3 inflammasome has been shown to be activated by cho-
lesterol, and silencing NLRP3 suppresses atherosclerosis in ApoE−/−

mice [8]. However, in allergic airway inflammation, whether ApoE can
regulate the activation of NLRP3 inflammasome remains unclear.

On the other hand, oxidative stress and mitochondrial dysfunction
have been considered to play crucial roles in the pathogenesis of airway
inflammation [9–13]. Airway inflammation induces oxidative damage
of DNA and proteins in asthmatic lungs, which in turn aggravates and
augments airway inflammation [14,15]. Nitrotyrosine, a marker of
peroxynitrite formation, has been found increased in the sputum or
exhaled breath condensate of asthmatics as well as in animal models,
while 8-OHdG, a sensitive marker of oxidative DNA damage, has been
found elevated in patients and asthmatic mice [16–18]. Furthermore,
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oxidative damage is positively linked to mucus hypersecretion [19] and
antioxidant therapies have been shown potent protective effects in
patients and experimental asthma model [20,21].

Moreover, as a major intracellular source of ROS, mitochondria are
one of the primary organelles involved in the oxidative stress [12].
Mitochondrial are dynamic organelles whose morphology and function
are regulated by fusion and fission process [22]. Optic atrophy (OPA1)
and Mitofusions (Mfn1 and Mfn2) are indispensable for mitochondrial
fusion, while Dynamin-related protein 1 (DRP1) and Mitochondrial
fission 1 protein (Fis1) are responsible for mitochondrial fission [23].
Increased oxidative stress and/or imbalance of key mitochondrial fu-
sion and fission markers can result in mitochondrial damage, ultimately
oxidative inflammation [24].

The present study aimed to investigate the role of ApoE in OVA-
induced allergic airway inflammation, and reveal whether the activa-
tion of NLRP3 inflammasome and oxidative stress represented a me-
chanism underlying the effect of ApoE.

2. Materials and methods

2.1. Acute allergic airway inflammation model induced by OVA challenge

Female wild-type (WT) C57BL/6 mice and ApoE−/− mice which
were maintained on C57 BL/6 background were obtained from Model
Animal Research Center of Nanjing University (Nanjing, China).
Allergic airway inflammation was induced according to our previous
study and modified [25]. In brief, the mice were sensitized on day 0 and
day 7, from day 14, the OVA-sensitized mice were nasally inhaled with
1% OVA (Sigma) for 30 min every day for consecutive 7 days using
nebulizer (OMRON, NE-C900). Vehicle mice received inhalation of
saline. And six mice were used in each group. Experimental protocols
were approved by the Animal Care and Use committee of Anhui Med-
ical University.

2.2. Bronchoalveolar lavage and infiltrated cells counts

On day 21, the mice were sacrificed after introperitoneally injected
with pentobarbital. The right lung was ligated, and the left lung was
lavaged three times with 0.5 ml cold PBS. The collected BALF was
centrifuged for 5 min at 700g. The pellets were re-suspended for total
cell counts using a hemocytometer. Wright-Giemsa staining was used
for differential cell counts including eosinophil, lymphocyte, neutrophil
and monocyte in a blind manner.

2.3. Lung histological assessment

The right lung was fixed with 4% paraformaldehyde at 4 °C for at
least 3 days. Following dehydrating with gradient ethanol and em-
bedding in paraffin, the lungs were sectioned in 5 μm. Then hematox-
ylin&eosin (H&E) and periodic acid-Schiff (PAS) staining were used to
assess inflammatory cells infiltration and goblet cell hyperplasia, re-
spectively.

2.4. Measurement of serum IgE

Total serum OVA-specific IgE was measured by ELISA using kit from
Cusabio (Wuhan, China) according to the protocols from the manu-
facturer.

2.5. Western blot

The lung tissues were homogenized by tissuelyser (JINGXIN,
Shanghai, China). Equal amounts of lung homogenate were separated
by 12% SDS-PAGE and transferred to PVDF membranes. The mem-
branes were block by 5% non-fat milk, and primary antibodies used as
follow: NLRP3 (Adipogen, San Diego, CA, USA), caspase-1(p20)

(Adipogen), IL-1β(p17) (R＆D Systems, Minneapolis, MN, USA), ni-
trotyrosine (Santa Cruz Biotechnology, TX, USA), SOD2 (Santa Cruz), 8-
OHdG (Santa Cruz), OPA1 (Santa Cruz), Mfn2 (Santa Cruz), DRP1
(Santa Cruz), Fis1 (Santa Cruz) and GAPDH (KANGCHENG, China).

2.6. Immunohistochemistry

Tissue sections (5 μm) were deparaffinized and then processed for
immunohistochemistry. Briefly, sections were incubated with primary
antibodies as follow: 8-OHdG, nitrotyrosine or SOD2 at 4 °C overnight.
The next day, the sections were incubated with HRP-conjugated sec-
ondary antibody (Beijing Golden Bridge Biotechnology, Beijing, China)
for 1 h at 37 °C. after rinsed for three times, sections were stained by
diaminobenzidine (DAB), and dark-brown staining was considered po-
sitive. The results were analyzed under an Carl Zeiss Axio Scope.A1
(Carl Zeiss, German). Representative images (magnification × 200)
were acquired.

2.7. Statistic analysis

The results were shown as the mean ± SEM, differences between
the groups were analyzed using ANOVA with Bonferroni correction
(SPSS).

3. Results

3.1. ApoE is an endogenous negative regulator of OVA-induced allergic
airway inflammation

Wild-type (WT) C57 mice and ApoE−/− mice were used to establish
the allergic airway inflammation model according to the protocol il-
lustrated in Fig. 1A. The body weight among the groups did not differ
significantly (Fig. 1B) among each group. After challenged with OVA
for consecutive 7 days, in WT mice, airway inflammation (Fig. 1D) and
mucus production (Fig. 1H) were markedly increased as compared to
that of vehicle mice (Fig. 1C, G). Moreover, these OVA-induced lung
histopathological changes were further increased in OVA-challenged
ApoE−/− mice (Fig. 1F, J) as compared to those of WT C57 mice
(Fig. 1D and H). Meanwhile, ApoE protein levels in BALF and lung
tissues of wild-type mice in response to OVA were increased markedly
(Fig. 1K–M).

Furthermore, as compared to OVA-challenged WT mice, BALF cell
counts including total cells, eosinophils, lymphocytes, neutrophils and
monocytes were significantly increased in OVA-challenged ApoE−/−

mice (Fig. 2A–F). Similar result was found in the level of serum IgE
(Fig. 2G). These results showed that ApoE deficiency aggravated OVA-
induced allergic airway inflammation, suggesting ApoE is an en-
dogenous negative regulator of OVA-induced allergic airway in-
flammation.

3.2. The activation of NLRP3 inflammasome was further augmented in
OVA-challenged ApoE−/− mice

As a particular type of intracellular pattern recognition receptors
(PRRs), NLRP3 is the most well-characterized subtype considered to
exert a key role in airway inflammation [26–28]. Activation of NLRP3
triggers the assembly of inflammasome complex that cleaves caspase-1
which results in the maturation of IL-1β and IL-18 [29]. However, the
role of ApoE in the activation of NLRP3 inflammasome is litter known.
In the present study, as compared to the vehicle treated mice, there
were significant increases in the protein expression of NLRP3, cleaved
caspase-1 (p20) and IL-1β (p17) in the OVA-challenged WT mice
(Fig. 3A–E), which indicated the activation of NLRP3 inflammasome in
the OVA-induced allergic airway inflammation. More notably, the ac-
tivation of NLRP3 inflammasome were further augmented in OVA-
challenged ApoE−/− mice (Fig. 3A–E), suggesting ApoE negatively

C.-C. Zhao, et al. International Immunopharmacology 81 (2020) 106301

2



Fig. 1. ApoE is an endogenous negative regulator of OVA-induced allergic airway inflammation. (A) The protocol to establish murine allergic airway inflammation.
(B) The body weight of WT and ApoE−/− mice in each group. (C–F) Representative histologic sections stained by hematoxylin and eosin, the arrows indicated
infiltration of inflammatory cells. The magnified images below C, D, E and F showed cropped images outlined in C-F correspondingly. (G–J) Representative histologic
sections stained by periodic acid-Schiff, the arrow heads indicated goblet cells hyperplasia. The magnified images below G, H, I and J showed cropped images
outlined in G-J correspondingly. (K–M) Quantification of the level of ApoE in the BALF and lung tissues from WT C57 mice by ELISA and western blot. Scale bar:
100 μm. **p < 0.01, ***p < 0.001.

Fig. 2. ApoE negatively regulates the inflammatory cells infiltration and production of IgE. (A) Representative stained BALF cell smears. Left images were original
magnification (200×), right images were cropped from the left images. E-eosinophil, N-neutrophil, L-lymphocyte, M-monocyte. (B) The total number of in-
flammatory cells was counted using a hemocytometer. (C–F) The number of eosinophils, lymphocytes, neutrophils and monocytes were counted after Wright-Giemsa
staining. (G) The level of IgE was measured by ELISA. **p < 0.01.
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regulates NLRP3 inflammasome activation.

3.3. The OVA-induced oxidative stress was further increased in ApoE−/−

mice

OVA challenge resulted in robust elevated expression of nitrotyr-
osine and SOD2 in the lung tissues as shown by western blot, which
were further augmented in ApoE deficient mice (Fig. 4).

Then, immunohistochemistry for 8-OHdG, nitrotyrosine and SOD2
was done for further assessment of oxidative stress. The results showed
that the products of oxidative damage, 8-OHdG (Fig. 5B, C)- and ni-
trotyrosine (Fig. 5F, G)-positive cells were both significantly increased
after OVA challenge in WT mice, and such increase was aggravated in
OVA-challenged ApoE−/− mice (Fig. 5E, I). However, the expression of
mitochondrial antioxidant enzyme SOD2 was also increased in OVA-
challenged WT mice, and further elevated in ApoE−/− mice
(Fig. 5J–M).

3.4. The OVA-increased expression of mitochondrial fission/fusion-related
proteins was further elevated in ApoE−/− mice

Mitochondrial fusion and fission are induced by oxidative stress.
The present study showed that the expression of OPA1, Mfn2, DRP1 and

Fis1 was increased in OVA-challenge WT mice as compared to that of
control WT mice. And ApoE deficiency further increased the expression
of these mitochondrial fission/fusion-related proteins (Fig. 6).

4. Discussion

In the present study, we demonstrated that the OVA-induced airway
inflammation was aggravated in ApoE−/− mice, and suggested that the
underlying mechanism may be associated with the augmented activa-
tion of NLRP3 inflammasome and oxidative stress in ApoE−/− mice.

ApoE has been shown to be implicated in immune response such as
modulating host susceptibility to infection [30] and presentation of
lipid antigens [31]. Especially, ApoE has been identified to negatively
regulate AHR and goblet cell hyperplasia in HDM-challenge mice [3].
While ApoE mimic peptide significantly ameliorates the HDM-induced
eosinophil airway inflammation, IgE production and Th2 cytokines
[32]. Here, we confirmed that ApoE deficiency aggravated the patho-
genesis of OVA-induced allergic airway inflammation because OVA-
challenged ApoE−/− mice displayed increased total leukocytes in-
filtration, musus secretion, eosinophils counts and IgE production as
compared to those in OVA-challenged WT mice. Moreover, the level of
ApoE in the BALF and lung tissues was significantly increased after OVA
challenge. These results suggested that ApoE signaling functions as a

Fig. 3. The activation of NLRP3 inflammasome was further augmented in OVA-challenged ApoE−/− mice. (A) Representative blots showing the expression of
NLRP3, and IL-1β (p17) in WT and ApoE−/− mice with or without OVA challenge. (B-C) Quantification of the expression of NLRP3 and IL-1β (p17) as referencing to
GAPDH. (D) Representative blots showing the expression of caspase1 (p20) in WT and ApoE−/− mice with or without OVA challenge. (E) Quantification of the
expression of caspase1(p20) as referencing to GAPDH. *p < 0.01, **p < 0.01.
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Fig. 4. The OVA-induced expression of nitrotyrosine
and SOD2 was further increased in ApoE−/− mice.
(A) Representative blots showing the expression of
nitrotyrosine and SOD2 in WT and ApoE−/− mice
with or without OVA challenge. (B-C) Quantification
of the expression of nitrotyrosine and SOD2 as re-
ferencing to GAPDH. **p < 0.01.

Fig. 5. The OVA-induced oxidative markers was further increased in ApoE−/− mice. (A) The lung section stained only with secondary antibody served as blank.
(B–E) Representative lung sections showing the immunohistological staining of 8-OHdG in WT and ApoE−/− mice with or without OVA challenge, the original image
is 200×, the magnified images below B, C, D and E showed cropped images outlined in B-E correspondingly. (F–I) Representative lung sections showing the
immunohistological staining of nitrotyrosine in WT and ApoE−/− mice with or without OVA challenge, the original image is 200×, the magnified images below F, G,
H and I showed cropped images outlined in F-I correspondingly. (J–M) Representative lung sections showing the immunohistological staining of SOD2 in WT and
ApoE−/− mice with or without OVA challenge, the original image is 200×, the magnified images below J, K, L and M showed cropped images outlined in J-M
correspondingly.
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negative regulator and suppress the initiation of airway inflammation
in allergic airway inflammation. However, the underlying mechanism
of ApoE regulating allergic airway inflammation is not defined.

Inflammasome, a core component of the inflammatory response,
have become the focus in the field of inflammatory diseases since they
were discovered by the Jürg Tschopp in 2002 [4]. According to the
different receptors, the inflammasome mainly include NLRP3, NLRC4,
AIM2, NLRP1 and et al. [33]. Among them, NLRP3 inflammasome, is
one of the well-characterized inflammasome that has been linked to
airway inflammation [26] and increased disease severity in asthmatic
patients [34,35]. Although the relationship between NLRP3 in-
flammasome and ApoE signal has been accumulatively studied in the
pathogenesis of atherosclerosis [8,36], whether ApoE regulates the
activation of NLRP3 inflammasome in allergic airway inflammation is
still elusive in the literature. A study has demonstrated that ApoE can
modulate NLRP3 inflammasome activation in BALF macrophages from
asthmatic patients [37]. Here, the present study demonstrated that the
activation of NLRP3 inflammasome was increased in WT mice after
OVA challenge, which was consistent with previous findings [38–40].
More importantly, the OVA-induced activation of NLRP3 inflamma-
some was aggravated in ApoE−/− mice, thus suggesting that ApoE
serves as a negative regulator of the activation of NLRP3 inflammasome
in OVA-induced allergic airway inflammation.

Infiltration of eosinophils and neutrophils is one of the critical pa-
thological features during airway inflammation. These infiltrated in-
flammatory cells cause oxidative damage [9]. Oxidative damage and
DNA damage were found in asthma patients and asthmatic mice
[41–43],and oxidative stress has been suggested to mediate the acti-
vation of NLRP3 inflammasome [44]. In order to explore the oxidative
damage in OVA-challenged mice, we choose 8-OHdG and nitrotyrosine
as indicators to measure oxidative stress. 8-OHdG is a specific product
form by guanine oxidative damage in DNA, and the level of it de-
monstrates the oxidative damage of nucleic acid [42], while nitrotyr-
osine is a nitrosated protein product, the level of it is used as a marker
of peroxynitrite anions [45]. Our present study showed that the ex-
pression of 8-OHdG and nitrotyrosine was significantly increased in
OVA-challenged WT mice than that of control mice, which was further
elevated in OVA-challenged ApoE−/− Mice. These results indicated
that the development of oxidative stress in murine allergic airway in-
flammation, and ApoE functions as a negative regulator of it. However,

SOD2, one of the effective antioxidants also markedly increased in mice
after OVA challenge and further elevated in mice when ApoE was de-
ficient. Therefore, our findings further suggested that ApoE deficiency
did not exerts its effect simply by impairing antioxidant protection.

Additionally, oxidative stress-induced mitochondrial dysfunction
has been reported to contribute to inflammation and remodeling in
asthmatic patients and animal model [12,46,47]. Within a cell, mi-
tochondrial undergo a fission/fusion cycle dynamically, joining to-
gether and breaking apart continually [48]. The fission and fusion
process are regulated by biomarkers of mitochondrial biogenesis, in-
cluding OPA1, Mfn1/2, Drp1 and Fis1 [24]. Maintenance of the fission/
fusion precisely is essential for mitochondrial function [24]. The pre-
sent study found that OVA challenge significantly increased the ex-
pression of fusion and fission markers (OPA1, Mfn2, Drp1 and Fis1) in
WT mice, and these increases were further elevated in ApoE−/− mice.
The major function of mitochondria is to generate ATP through oxi-
dative phosphorylation [49]. During OVA-induced inflammation, per-
turbation of mitochondrial fusion/fission and increased oxidative stress
of respiratory immune cells may result in significant mitochondrial
metabolic changes such as changes of ATP production, basal mi-
tochondrial respiration and maximal respiratory capacity, and sub-
sequent poor cell growth and susceptibility to cell death. Furthermore,
the activation of NLRP3 inflammasome is reported dependent on mi-
tochondrial oxidative stress in allergic airway inflammation [38,50].
Therefore, our results demonstrated that increased mitochondrial fu-
sion-fission was induced by OVA challenge, and ApoE deficiency ag-
gravated such increase, suggesting ApoE serves a protective role in
mitochondrial function.

In conclusion, our present study demonstrated that after OVA
challenge, NLRP3 inflammasome, oxidative stress and mitochondrial
fusion/fission were markedly increased in WT mice, and these increases
were further aggravated in ApoE-deficient mice, thus suggesting that
ApoE functions as an endogenous negative regulator of them.
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