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Unresolved inflammation underpins the pathogenesis of allergic airway diseases, such as asthma. Ketamine, accepted as a
promising therapy for resistant asthma, has been demonstrated to attenuate allergic airway inflammation. However, the
anti-inflammatory mechanism by ketamine in this setting is largely unknown. We aimed to investigate whether autophagy was
involved in the protective effect of ketamine on allergic airway inflammation. Female C57BL/6 mice were sensitized to
ovalbumin (OVA) and treated with ketamine at 25, 50, or 100mg/kg prior to OVA challenge. In this model, the pulmonary
morphological findings and airway inflammation were significantly inhibited at 50mg/kg but not at 25 or 100mg/kg. Moreover,
50mg/kg ketamine abrogated the increased concentrations of inflammatory cytokines in bronchoalveolar lavage fluid (BALF) of
allergic mice, as well as activated the expression of phosphorylated mammalian target of rapamycin (p-MTOR) and inhibited
autophagy in allergic mice. To confirm whether the effect of 50mg/kg ketamine on asthma was mediated by inhibiting
autophagy, rapamycin was administered to mice sensitized to OVA and exposed to 50mg/kg ketamine. All of the effect of
50mg/kg ketamine was reversed by rapamycin treatment, including increased p-MTOR and decreased autophagy. Taken
together, the present study demonstrates that 50mg/kg ketamine inhibits allergic airway inflammation by suppressed autophagy,
and this effect is mediated by the activation of MTOR in the lungs of allergic mice.

1. Introduction

Allergic airway inflammation is a chronic inflammatory disease
that is mediated by both innate and adaptive immunity [1].
Glucocorticoids are the most widely used anti-inflammatory
drugs for allergic airway inflammation. However, 1–2% of
asthma patients are entirely corticosteroid-insensitive [2].
Therefore, exploring the mechanisms responsible for this
refraction and identification of alternative anti-inflammatory
therapy is important.

Mammalian target of rapamycin (MTOR) is a kinase that
responds to activation in both innate and adaptive immune
systems. Inhibition of MTOR by rapamycin in patients has
been reported to induce various inflammatory disorders,
such as interstitial pneumonitis, anemia of the chronic
inflammatory type, and severe forms of glomerulonephritis

[3, 4]. Previous studies have shown the important role of
MTOR in immunity by limiting proinflammatory mediators
[5]. In human monocytes and myeloid DCs, inhibiting the
MTOR signaling pathway by rapamycin increased the gen-
eration of IL-12, IL-23, tumor necrosis factor-α (TNF-α),
and IL-6, as well as decreased the levels of IL-10, an
anti-inflammatory cytokine [6–8]. Furthermore, a study
with asthmatic mice showed that MTOR knockout signif-
icantly induced airway inflammation and increased inflam-
matory cells and inflammatory cytokines, such as IL-6 and
TNF-α, in BALF [9].

MTOR also plays a critical role in regulating autophagy,
which is a highly and evolutionarily conserved cellular
process in various cell types, to maintain cell survival by
eliminating dysfunctional organelles or proteins. In the past
decade, autophagy has been demonstrated as essentially
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associated with inflammatory responses of lungs to infection
or stresses [10]. Furthermore, emerging studies recently
revealed that autophagy is importantly involved in
asthma [11].

Previous reports have demonstrated the protective effects
of ketamine on allergic airway inflammation diseases, such as
asthma [12]. However, other studies showed no benefits of
ketamine over conventional therapy for moderate-to-severe
asthma [13]. Although the conflicting results exist, ketamine
is suggested to be a second therapy in patients with asthma
insensitive to standard therapy, especially children [13, 14].
The beneficial effects on allergic inflammation by ketamine
are reported to be associated with the anti-inflammation in
airways triggered by allergens [15]. Additionally, ketamine
has been revealed to activate MTOR and subsequently sup-
press autophagy, leading to amelioration of inflammation
in ischemia/reperfusion in brains [16]. However, the mecha-
nism by which ketamine affects the allergic airway remains
obscure. In the present study, we aimed to evaluate the pro-
tective effect of ketamine on allergic airway inflammation
and to assess whether autophagy plays a role in this course
of events.

2. Materials and Methods

2.1. Animals. Female C57BL/6 mice at 18–22 g were pur-
chased from Shanghai Laboratory Animal Center. All of the
mice were 6–8 weeks old and housed in a specific
pathogen-free animal facility with a 12 h light/dark cycle.
Free access to food and water was given to the mice, and all
of the protocols used in this study were approved by the
Committee on the Ethics of Animal Care and Use of Anhui
Medical University.

2.2. Protocol and Treatments. The mice were randomly
divided into five groups (n = 6 per group): control group
(saline), OVA-induced asthma group (OVA), OVA+
25mg/kg ketamine group (OVA+Ket25), OVA+50mg/kg
ketamine group (OVA+Ket50), and OVA+100mg/kg
ketamine group (OVA+Ket100) (ketamine hydrochloride,
Hengrui Inc., Nanjing, China). The experimental protocol
is illustrated in Figure 1. Themice were sensitized by intraper-
itoneal injection of 10μg OVA (Sigma, St. Louis, MO, USA)
complexed with 1mg potassium aluminium sulfate (Sangon
Biotech, Shanghai, China) in 0.5mL of saline on days 0 and
7, then challenged for 30min per day with 1% aerosolized
OVA on days 14–21. Control mice were saline-sensitized

and challenged with nebulized saline solution. One hour
before allergen challenge, three groups of mice (OVA+
Ket25/Ket50/Ket100) were injected intraperitoneally with
25, 50, or 100mg/kg Ket. About 24 h after the last treatment,
all of the mice were killed and the lungs were collected for
bronchoalveolar lavage fluid (BALF) collection. The right
lungs were stored in 10% neutral formalin for histological
examination, while the rest were stored at −80°C until analy-
sis, except for samples (1–2mm3) used for electron micros-
copy, which were fixed in 2.5% precooled glutaraldehyde.

To observe the role of MTOR activation in the effect of
ketamine on allergic airway inflammation, rapamycin was
administered to mice as shown in Figure 2. The mice were
sensitized to OVA and treated with 50mg/kg ketamine as
indicated above. Rapamycin (Sigma, St. Louis, MO, USA)
was prepared in saline containing 20% DMSO and was intra-
peritoneally applied 30min prior to each administration of
ketamine. The samples were collected as above about 24h
after the last treatment.

2.3. BALF and Differential Cell Counts. Immediately after the
mice were killed, BALF was collected thrice by lavaging the
left lung with 0.5mL of ice-cold PBS. The collected BALF
were centrifuged at 700g at 4°C for 5min, and the cell pellets
harvested from BALF were resuspended in 200 μL PBS. With
the cell suspension, total cell count was determined using a
hemocytometer. Subsequently, Wright staining was per-
formed to count different cell types, including neutrophils,
monocytes, eosinophils, and lymphocytes under a light
microscope. Cell counts were determined by a technician
who was blinded to the groups.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). The
released cytokines, including IL-6, IL-13, IL-10, and TNF-α,
in BALF supernatant were measured by ELISA using specific

Sacrifice

Time (days) 0 7 14 15 16 17 18 19 20 21

Sensitization
OVA+alum i.p.

Challenge
OVA aerosol

Ketamine 25mg/kg, 50mg/kg, 100 mg/kg i.p.

Figure 1: Individual mice were sensitized by intraperitoneal injection with ovalbumin (OVA) or saline on days 0 and 7, then challenged for
30min per day with 1% aerosolized OVA or saline on days 14–21. One hour before aerosol OVA challenge, mice were injected
intraperitoneally with 25, 50, and 100mg/kg ketamine or equivalent saline.

Time (days)

Ketamine 50 mg/kg, rapamycin(i.p.)

Sensitization
OVA+alum i.p.

Challenge
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Figure 2: Study protocol to the administration of rapamycin and
ketamine to mice sensitized to OVA.
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kits from Cusabio (Wuhan, China). The cut-offs for IL-6,
IL-13, TNF-α, and IL-10 were 1.56 pg/mL, 31.25 pg/mL,
3.9 pg/mL, and 3.12 pg/mL, respectively. OVA-specific IgE
was determined with ELISA kits from Cusabio (Wuhan,
China). All of the levels were determined according to the
manufacturer’s instructions. In brief, samples or standards
were pipetted into wells and incubated. After washing, detec-
tion antibodies were added and incubated. Through horse-
radish peroxidase (HRP) conjugate and following substrate
solution incubation, the immune activity was visualized.
After stopping the reaction, the values at 450nm were mea-
sured using a microplate reader (TECAN GENios, Austria).

2.5. Histological Examination and Immunohistochemistry.
Lung tissues fixed in formaldehyde were dehydrated by a
series of ethanol solutions with increasing concentrations
and then embedded in paraffin. Sections of 5 μm thickness
were prepared and dewaxed. After hydration, tissues were
stained with hematoxylin and eosin (H&E) or periodic
acid-Schiff (PAS). The observation of airway inflammation
and goblet cell hyperplasia and mucus production was con-
ducted as previously described [11]. In brief, peribronchial
inflammation in airways was evaluated with an 8-point semi-
quantitative scoring system, while goblet cell hyperplasia was
determined with Pierre Camateros’ method by counting
PAS-positive cells and standardized by dividing the perime-
ter of the basement membrane.

Immunohistochemistry for p-MTOR (Cell Signaling,
Danvers, MA, USA) was performed on the hydrated sections.
After antigen retrieval with citrate buffer (pH6.0) by heat-
ing the slides for 15min in a microwave oven, normal
goat serum was applied for 30min and then sections were
incubated overnight at 4°C with the primary antibodies. A
three-step technique (labelled streptavidin-biotin complex,
Dako, Glostrup, Denmark) was used for visualization, and
diaminobenzidine (DAB) used as a chromogen. Finally, the
sections were counterstained with hematoxylin.

2.6. Western Blot Analysis. Lung tissue specimens were lysed
with RIPA containing a protease inhibitor, and then protein
concentrations were measured using a BCA Protein Assay
Kit (Pierce, Rockford, IL, USA). Equal amounts of proteins
were loaded into wells and electrophoresed on 10% of
sodium dodecyl sulfate- (SDS-) polyacrylamide gels. Subse-
quently, the proteins in gels were transferred to polyvinyli-
dene difluoride (PVDF) membranes (Millipore, Billerica,
MA, USA). After blocking with nonfat milk, the membranes
were probed with primary antibodies against MTOR,
p-MTOR, LC3-I, LC3-II, and GAPDH (Cell Signaling,
Danvers, MA, USA) and Beclin-1 (Abcam, Boston, MA,
USA). After washing, the membranes were incubated with
secondary antibodies conjugated with horseradish peroxi-
dase (HRP). Immunoreactions were visualized with an ECL
detection system (GE Healthcare, USA), and the intensities
of protein bands were analyzed by ImageJ 1.38× software
(National Institutes of Health, Bethesda, MD, USA).

2.7. Transmission Electron Microscopy. The lung speci-
mens fixed in glutaraldehyde overnight were washed with

cacodylate buffer (pH7.2) three times and postfixed in 1%
osmium tetraoxide. Then, samples were dehydrated in
ascending concentrations of ethanol and embedded in epoxy
resin. Sections of 1μm thickness were prepared and stained
with toluidine blue for observation under light microscopy.
Areas suitable for examination under electron microscopy
were determined. Ultrathin sections (60–70nm) were pre-
pared and stained with uranyl acetate and lead citrate. Imag-
ing was conducted with a transmission electron microscope
(EM208S; Olympus, Tokyo, Japan). The number of vacuoles
and the ratio to the cross-sectional area occupied on the
sections were quantified using MetaMorph 6.1 software.

2.8. Statistical Analysis. GraphPad Prism 6.0 software was
used for statistical analysis. All of the data were presented
as the mean± SD. Student’s t-test was used to identify statis-
tical significance between two groups. A one-way analysis of
variance (ANOVA) followed by Tukey’s tests was used to
compare multiple groups. A value of P < 0 05 was considered
statistically significant.

3. Results

3.1. Roles of Ketamine in Allergic Airway Inflammation. To
confirm the roles of ketamine in airway inflammation in an
OVA-induced allergic model in mice, 25, 50, and 100mg/kg
ketamine were administered to mice i.p. for 7 days. Histolog-
ical examination showed that the airways from the mice
sensitized with OVA were extensively damaged, as indicated
by infiltrated inflammatory cells in the subepithelial space
(Figure 3(a)). This infiltration was slightly reduced but with-
out statistical difference in the mice exposed to 25mg/kg
ketamine (Figure 3(b)). When the dose level of ketamine
was increased to 50mg/kg, the inflammatory cell infiltration
was further suppressed, and statistical significance was gener-
ated when compared with the mice challenged with OVA
only. Unexpectedly, the amelioration of inflammatory cell
infiltration was reversed in the mice treated with 100mg/kg
ketamine. Consistently, the inflammation sore in lung tissues
was revealed to have significant reduction in the mice in the
OVA+Ket50 group, whereas there was comparable inflam-
mation in the OVA+Ket25/Ket100 group compared with the
mice in the OVA group (Figure 3(b)). PAS staining revealed
significantly decreased PAS-positive mucous-containing
goblet cells in the mice in the OVA+Ket50 group, rather than
in the OVA+Ket25/50 group (Figures 3(c) and 3(d)).

Cell counting with BALF showed that the number of total
cells was significantly increased in the OVA group
(Figure 3(e)). Treatment with 25 or 100mg/kg ketamine
slightly decreased the number but without statistical signifi-
cance. In mice receiving 50mg/kg ketamine, however, the cell
count was significantly decreased as compared to that of the
control. Consistent alterations in the inflammatory cell sub-
types, including neutrophils, monocytes, eosinophils, and
lymphocytes, were observed in ketamine-treated groups, as
compared with the control or OVA groups.

Determination of inflammatory mediators showed that
OVA significantly increased the levels of proinflammatory
mediators, including IgE, IL-6, IL-13, and TNF-α, whereas
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the levels of the anti-inflammatory cytokine, IL-10, were
decreased (Figure 3(f)). After treatment with 50mg/kg
ketamine, alterations induced by OVA were significantly
inhibited. However, this inhibitory effect was not observed
in mice treated with 25 or 100mg/kg ketamine.

All of the results mentioned above indicated that allergic
inflammation in the airway was successfully established with
OVA treatment in this study. Treatment with ketamine at
50mg/kg significantly inhibited the inflammation in lungs
and protected airways induced by OVA.

3.2. Roles of Ketamine in OVA-Induced Autophagy. To assess
the mechanism by which ketamine exerted a protective effect
on OVA-induced asthma, features of autophagy were exam-
ined with electron microscopy. As shown in Figure 4(a),
double-membrane autophagosomes were more prominent

in airways in OVA-challenged mice except for animals
treated with 50mg/kg ketamine, when compared with those
in the control. Quantification of total vacuoles on tissue sec-
tions also revealed that the number and the area occupied by
autophagic vacuoles were greater in the OVA model group
than in the control (Figure 4(b)). The enhancement was sig-
nificantly inhibited by 50mg/kg ketamine, whereas it was not
affected by 25 or 100mg/kg ketamine. These results indicated
that 50mg/kg ketamine could significantly inhibit autophagy
in airways induced by OVA, whereas the effect was not
observed after treatment with 25 or 100mg/kg ketamine.

Consistently, Western blot analysis of the critical pro-
teins in autophagy pathway showed that LC-I, LC-II, and
Beclin-1 were significantly increased by OVA treatment
(Figures 4(c) and 4(d)). Additionally, OVA treatment signif-
icantly decreased the phosphorylation of MTOR. When
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Figure 3: Effect of ketamine on the histological findings, inflammatory cell counts, and cytokine levels in BALF frommice sensitized to OVA.
(a, b) H&E-stained lung histology (magnification, ×200) and histopathological score. (c, d) PAS-stained lung histology (magnification, ×200)
and quantification of PAS-positive cells. (e) Inflammatory cell counts in BALF. (f) Cytokine levels in BALF. Data are expressed as the
mean± SD of six mice per group. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 versus the control group; &P < 0 05, &&P < 0 01, and &&&P < 0 001
versus the OVA group.
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Figure 4: Effect of ketamine on autophagy in the lungs from mice sensitized to OVA. (a, b) Electron micrographs and quantification of
autophagic vacuoles. (c–j) With Western blot, MTOR, p-MTOR, LC-3I, LC-3II, and Beclin-1 were determined and quantified. (k, l) With
immunohistochemistry (magnification, ×200), p-MTOR were determined and quantified. Data are expressed as the mean± SD of six mice
per group. ∗P < 0 05, ∗∗ P < 0 01, and ∗∗∗P < 0 001 versus the control group; &&P < 0 01 and &&&P < 0 001 versus the OVA group.
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compared with animals in the OVA model group, signifi-
cantly increased p-MTOR and decreased LC-I, LC-II, and
Beclin-1 in the OVA+KET50 group were observed, while
comparable levels of these proteins were seen in OVA+
Ket25 and OVA+Ket100, even though significantly
decreased p-MOTR and LC-I levels were observed in
OVA+Ket100 (Figures 4(e)–4(j)).

In agreement, the level of p-MTOR determined by
Western blot and IHC analysis showed that p-MTOR was
significantly decreased by OVA treatment, and the inhibitory
effect was significantly attenuated by 50mg/kg ketamine but
not by 25 or 100mg/kg ketamine (Figures 4(k) and 4(l)).

All of the above-mentioned results indicated that OVA
treatment significantly induced autophagy in airways in
mice. Moreover, this induction was significantly inhibited
by 50mg/kg ketamine, which might be via mitogenic activa-
tion of MTOR. However, the effects on autophagy and
MTOR activation were not observed after 100mg/kg keta-
mine treatment.

3.3. Rapamycin Abrogates the Protective Role of 50mg/kg
Ketamine in Allergic Airway Inflammation. OVA-challenged
mice were treated with 50mg/kg ketamine alone or in combi-
nation with rapamycin to evaluate whether MTOR played a
role in a ketamine-mediated protective effect on asthma. His-
tological analysis showed that the inhibitory role of 50mg/kg
ketamine in inflammation induced by OVA was blocked by
rapamycin treatment (Figures 5(a) and 5(b)). Additionally,
rapamycin treatment restored the decreased number of
PAS+ mucous-containing goblet cells by 50mg/kg ketamine,
as shown in Figures 5(c) and 5(d). Consistent with the results
observed histologically, cell counting showed restored effect
by rapamycin on the decreased number of total cells and
inflammatory cell subtypes (Figure 5(e)), as well as on the
decreased proinflammatory mediators by OVA (Figure 5(f)).
Additionally, the enhanced level of IL-10 was returned after
treatment with rapamycin. All of these indicated that the
protective role of 50mg/kg ketamine in allergic airway inflam-
mation was significantly inhibited by rapamycin.

3.4. Effect of Rapamycin on 50mg/kg Ketamine-Inhibited
Autophagy. Treatment with rapamycin significantly reversed
the inhibited autophagic vacuoles induced by 50mg/kg keta-
mine (Figures 6(a) and 6(b)). Western blot assay showed that
the significant increase in p-MTOR and decrease in LC-3II
and Beclin-1 were rescued by rapamycin treatment
(Figures 6(c)–6(h)). Consistent inhibitory effects by rapamy-
cin on the 50mg/kg ketamine-induced p-MTOR were
observed in the IHC analysis (Figures 6(i) and 6(j)). These
results indicated that the inhibitory effect by 50mg/kg
ketamine on autophagy was significantly suppressed by
rapamycin, and this might be achieved by inhibiting
MTOR activation.

4. Discussion

Allergic airway inflammation is one of the most common
chronic disorders in children, and it is characterized by com-
plex inflammatory responses [17]. Although allergic airway

inflammation has been widely researched and therapies have
been developed, many patients, especially for those with
acute or severe asthma, fail to respond to conventional treat-
ment. For this subpopulation of patients, ketamine has been
suggested as a potentially promising therapy [18]. In the
present study, the effective response induced by ketamine
was observed in a mouse model sensitized to OVA. Fur-
thermore, we for the first time revealed that MTOR
activation-induced inhibition of autophagy critically con-
tributed to the effect of ketamine on allergic mice.

Inflammation is a key factor in the initiation and devel-
opment of allergic airway inflammation, especially allergic
asthma [19]. In this study, allergic airway inflammation was
successfully established as demonstrated by a significant
increase of inflammatory cells and mediators in BALF,
including neutrophils, monocytes, eosinophils, and lympho-
cytes, as well as mediators, such as IgE, IL-6, IL-13, and
TNF-α. Allergic inflammation was significantly inhibited
along with decreased autophagy, and this was rescued by
treatment with rapamycin, a specific inhibitor of MTOR,
indicating that autophagy might be importantly associated
with inflammation. A consistent observation was noted in a
recent study with the same mouse model, in which autoph-
agy inhibition by 3-methyladenine or ATG5 shRNA treat-
ment reduced airway responsiveness, eosinophilia, and
inflammation [20]. Another study also indicated that ele-
vated autophagy was essential for airway inflammation
induced by particulate matter [21].

Contrary to the finding in this study that MTOR activa-
tion contributed to anti-inflammation, a previous study
reported that MTOR inhibition decreased inflammatory cell
counts, IgE, and IL-13, resulting in anti-inflammation [22].
Pharmacological inhibition or genetic knockdown of MTOR
in bone marrow-derived macrophages led to amplified cyto-
kine production upon exposure to particulate matter [9]. The
opposite role in inflammation by MTOR inhibition might be
due to the variable effects of autophagy on inflammation. As
a result of autophagy inhibition, ketamine significantly atten-
uated allergic airway inflammation in mice, which is similar
to previous studies [12]. However, the protective role of
autophagy in inflammation has been reported in a recent
study, in which mice were sensitized to house dust mite
[23]. Another study showed similar data that airway inflam-
mation and remodeling were attenuated by the upregulation
of autophagy in mouse models of asthma [24]. The different
roles of autophagy mentioned above might be due to differ-
ent levels of autophagy being provoked by various sensitiza-
tion methods. Autophagy is believed to be a double-edged
sword as both excessive autophagy and impaired autophagy
are associated with many diseases [25]. Although the mecha-
nism underlying the difference needs to be elucidated, the
pronounced autophagy in severe asthma in mice in the pres-
ent study was consistent with clinical observations. Further-
more, attenuation of asthma by ketamine in clinics was also
observed in this study in mice. This suggests that the new
findings in this study might be more consistent with those
observed in clinical settings.

However, the inhibitory effect on allergic inflammation
by ketamine was reversed at higher dosages. This might be
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Figure 5: Effect of rapamycin on the histological findings, inflammatory cell counts, and cytokine levels in BALF from asthmatic mice treated
with 50mg/kg ketamine. (a, b) H&E-stained lung histology (magnification, ×200) and histopathological score. (c, d) PAS-stained lung
histology (magnification, ×200) and quantification of PAS-positive cells. (e) Inflammatory cell counts in BALF. (f) Cytokine levels in
BALF. Data are expressed as the mean± SD of six mice per group. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 versus the OVA groups;
&P < 0 05, &&P < 0 01, and &&&P < 0 001 versus the OVA+Ket50group.
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Figure 6: Effect of rapamycin on autophagy in the lungs from asthmatic mice treated with 50mg/kg ketamine. (a, b) Electron micrographs
and quantification of autophagic vacuoles. (c–h) With Western blot, MTOR, p-MTOR, LC-3I, LC-3II, and Beclin-1 were determined and
quantified. (i, j) With immunohistochemistry (magnification, ×200), p-MTOR were determined and quantified. Data are expressed as the
mean± SD of six mice per group. ∗P < 0 05, ∗∗P < 0 01 versus the OVA groups; &P < 0 05, &&P < 0 01, and &&&P < 0 001 versus the
OVA+Ket50 group.
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due to the interesting properties of this drug acting as an
immunomodulatory agent rather than as an immunosuppres-
sive agent [26]. The reversion was accompanied by decreased
MTOR activation and promotion of autophagy. The variable
effect on inflammation might be derived from the different
roles in MTOR activation and the resultant autophagy.

Electron microscopy in a previous study has shown more
autophagosomes in bronchial biopsy tissue from asthmatic
patients than from healthy subjects [27]. A study by Pawan-
kar et al. showed that more double-membrane autophago-
somes were observed in severe allergic asthma mice [19].
Our study also observed significant induction of autophagy
in pulmonary tissues in allergic mice. Furthermore, it was
noted that the inhibition of autophagy by ketamine signifi-
cantly attenuated allergic inflammation, which was rescued
by treatment with rapamycin. All of these indicated that
autophagy might be a therapeutic target against asthma.

The inhibition of autophagy by ketamine was majorly
attributed to the activation of MTOR, which was consistent
with a previous study [16]. Unexpectedly, we observed that
no changes in p-MTOR, autophagy marker, or autophago-
some formation occurred in the higher dosage of ketamine,
as compared with the OVA group. Similar to the varied roles
in autophagy in asthma, ketamine has been reported to acti-
vate or inhibit autophagy, exerting neuroprotection [16, 28].
It has been shown that ketamine at higher concentrations
might cause ROS generation, which induces autophagy by
MTOR inhibition [29–31]. Additionally, this variable effect
on autophagy by different dosages of ketamine might be
due to MTOR-mediated inhibition autophagy, and it is bal-
anced by the activation of other pathways that also influence
autophagy such as the IP3-Akt pathway, which was demon-
strated to be influenced by drugs such as lithium [32].
Regardless of the associated mechanism, the dosage of keta-
mine should be tightly controlled during treatment of severe
asthma, because administration of ketamine at higher con-
centrations might show negative effects. Accompanied by
different effects on autophagy by ketamine, its role in inflam-
mation is varied. However, these effects were blocked follow-
ing rapamycin treatment, indicating that ketamine plays
roles in inflammation through the regulation of autophagy,
which subsequently modulates the asthma disease state.

In summary, a mouse model of asthma was successfully
established with OVA challenge, and administration of keta-
mine at a proper dosage induced MTOR phosphorylation,
inhibited autophagy, suppressed inflammation, and attenu-
ated OVA-induced asthma. Of note, higher doses of keta-
mine abolished these effects while lower doses were not
effective, which highlights the need for establishing a tight
dose range for clinical applications. Although ketamine
has been shown to protect against allergic airway inflam-
mation, it is not the first choice for the treatment of aller-
gic airway inflammation in humans. The literature on the
potential harm of ketamine abuse is well documented. It
has a negative impact on cognitive function including ver-
bal memory and visual recognition difficulties [33]. It is
also linked to an increase in the incidence of mental illness
such as depression and psychosis [34, 35]. The standard
treatment of acute exacerbation of allergic airway disease

includes O2 supplementation, inhaled beta2-agonist, and
systemic corticosteroids [36].

5. Conclusions

Taken together, the results of the present study showed that
ketamine intraperitoneal injection inhibited the inflamma-
tory cascade response in an experimental allergic airway
inflammation model. Ketamine at 50mg/kg inhibited allergic
airway inflammation by suppressing autophagy, and its effect
mediated the activation of MTOR. These findings collectively
indicate that ketamine might provide a new therapeutic
approach for the treatment of allergic asthma.

Abbreviations

BALF: Bronchoalveolar lavage fluid
p-MTOR: Phosphorylated mammalian target of rapamycin
HRP: Horseradish peroxidase
IgE: Immunoglobulin E
IL: Interleukin
OVA: Ovalbumin
PAS: Periodic acid-Schiff
Ket: Ketamine
TNF-α: Tumor necrosis factor-α
DMSO: Dimethyl sulfoxide
ELISA: Enzyme-linked immunosorbent assay
HE: Hematoxylin and eosin.

Data Availability

The data used to support the findings of this study are
included within the article.

Ethical Approval

The study is approved by the ethic committee of Anhui
Medical University (ethic committee research no.
LLSC20160252).

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the Research Project of Anhui
Province (nos. 10021303028 and 1708085QH173), Key Lab
of Geriatric Molecular Medicine of Anhui Province
(1206c0805028), and Key Subjects of Anhui Province.

References

[1] H. Y. Kim, R. H. Dekruyff, and D. T. Umetsu, “Themany paths
to asthma: phenotype shaped by innate and adaptive immu-
nity,” Nature Immunology, vol. 11, no. 7, pp. 577–584, 2010.

[2] P. J. Barnes, “Mechanisms and resistance in glucocorticoid
control of inflammation,” The Journal of Steroid Biochemistry
and Molecular Biology, vol. 120, no. 2-3, pp. 76–85, 2010.

9Journal of Immunology Research



[3] E. Dittrich, S. Schmaldienst, A. Soleiman, W. H. Horl, and
E. Pohanka, “Rapamycin-associated post-transplantation
glomerulonephritis and its remission after reintroduction of
calcineurin-inhibitor therapy,” Transplant International,
vol. 17, no. 4, pp. 215–220, 2004.

[4] O. Thaunat, C. Beaumont, L. Chatenoud et al., “Anemia after
late introduction of sirolimus may correlate with biochemical
evidence of a chronic inflammatory state,” Transplantation,
vol. 80, no. 9, pp. 1212–1219, 2005.

[5] T. Weichhart, M. Haidinger, K. Katholnig et al., “Inhibition of
mTOR blocks the anti-inflammatory effects of glucocorticoids
in myeloid immune cells,” Blood, vol. 117, no. 16, pp. 4273–
4283, 2011.

[6] T. Weichhart, G. Costantino, M. Poglitsch et al., “The
TSC-mTOR signaling pathway regulates the innate inflamma-
tory response,” Immunity, vol. 29, no. 4, pp. 565–577, 2008.

[7] C. S. Yang, C. H. Song, J. S. Lee et al., “Intracellular net-
work of phosphatidylinositol 3-kinase, mammalian target
of the rapamycin/70 kda ribosomal s6 kinase 1, and
mitogen-activated protein kinases pathways for regulating
mycobacteria-induced il-23 expression in human macro-
phages,” Cellular Microbiology, vol. 8, no. 7, pp. 1158–1171,
2006.

[8] M. Ohtani, S. Nagai, S. Kondo et al., “Mammalian target of
rapamycin and glycogen synthase kinase 3 differentially
regulate lipopolysaccharide-induced interleukin-12 produc-
tion in dendritic cells,” Blood, vol. 112, no. 3, pp. 635–643,
2008.

[9] Z. Li, Y.Wu,H. P. Chen et al., “MTOR suppresses environmen-
tal particle-induced inflammatory response in macrophages,”
Journal of Immunology, vol. 200, no. 8, pp. 2826–2834, 2018.

[10] A. C. Racanelli, S. A. Kikkers, A. M. K. Choi, and S. M.
Cloonan, “Autophagy and inflammation in chronic respira-
tory disease,” Autophagy, vol. 14, no. 2, pp. 221–232, 2018.

[11] X. Jiang, L. Fang, H. Wu et al., “TLR2 regulates allergic airway
inflammation and autophagy through PI3K/Akt signaling
pathway,” Inflammation, vol. 40, no. 4, pp. 1382–1392, 2017.

[12] M. Hendaus, F. Jomha, and A. Alhammadi, “Is ketamine a life-
saving agent in childhood acute severe asthma?,” Therapeutics
and Clinical Risk Management, vol. 12, pp. 273–279, 2016.

[13] J. Y. Allen and C. G. Macias, “The efficacy of ketamine in
pediatric emergency department patients who present with
acute severe asthma,” Annals of Emergency Medicine, vol. 46,
no. 1, pp. 43–50, 2005.

[14] A. Tiwari, V. Guglani, and K. R. Jat, “Ketamine versus
aminophylline for acute asthma in children: a randomized,
controlled trial,” Annals of Thoracic Medicine, vol. 11, no. 4,
pp. 283–288, 2016.

[15] M. M. Zhu, Y. N. Qian, W. Zhu et al., “Protective effects of
ketamine on allergen-induced airway inflammatory injure
and high airway reactivity in asthma: experiment with rats,”
Zhonghua Yi Xue Za Zhi, vol. 87, no. 19, pp. 1308–1313,
2007.

[16] C. Q. Wang, Y. Ye, F. Chen et al., “Posttraumatic administra-
tion of a sub-anesthetic dose of ketamine exerts neuroprotec-
tion via attenuating inflammation and autophagy,”
Neuroscience, vol. 343, pp. 30–38, 2016.

[17] A. J. Halayko and S. Ghavami, “S100a8/a9: a mediator of
severe asthma pathogenesis and morbidity?,” Canadian
Journal of Physiology and Pharmacology, vol. 87, no. 10,
pp. 743–755, 2009.

[18] K. E. DeWilde, C. F. Levitch, J. W. Murrough, S. J. Mathew,
and D. V. Iosifescu, “The promise of ketamine for
treatment-resistant depression: current evidence and future
directions,” Annals of the New York Academy of Sciences,
vol. 1345, no. 1, pp. 47–58, 2015.

[19] R. Pawankar, M. Hayashi, S. Yamanishi, and T. Igarashi, “The
paradigm of cytokine networks in allergic airway inflamma-
tion,” Current Opinion in Allergy and Clinical Immunology,
vol. 15, no. 1, pp. 41–48, 2015.

[20] J. N. Liu, D. H. Suh, H. K. T. Trinh, Y. J. Chwae, H. S. Park, and
Y. S. Shin, “The role of autophagy in allergic inflammation: a
new target for severe asthma,” Experimental & Molecular
Medicine, vol. 48, no. 7, article e243, 2016.

[21] X. C. Xu, Y. F. Wu, J. S. Zhou et al., “Autophagy inhibitors
suppress environmental particulate matter-induced airway
inflammation,” Toxicology Letters, vol. 280, pp. 206–212, 2017.

[22] E.M.Mushaben, E. L. Kramer, E. B. Brandt,G.K.KhuranaHer-
shey, andT.D. LeCras, “Rapamycin attenuates airway hyperre-
activity, goblet cells, and IgE in experimental allergic asthma,”
Journal of Immunology, vol. 187, no. 11, pp. 5756–5763, 2011.

[23] Y. Suzuki, H. Maazi, I. Sankaranarayanan et al., “Lack of
autophagy induces steroid-resistant airway inflammation,”
The Journal of Allergy and Clinical Immunology, vol. 137,
no. 5, pp. 1382–1389.e9, 2016, e1389.

[24] W. Gu, R. Cui, T. Ding et al., “Simvastatin alleviates airway
inflammation and remodelling through up-regulation of
autophagy in mouse models of asthma,” Respirology, vol. 22,
no. 3, pp. 533–541, 2017.

[25] M. B. Farooq and G. M. Walsh, “Autophagy and asthma,”
Clinical and Experimental Allergy, vol. 46, no. 1, pp. 7–9, 2016.

[26] M. de Kock, S. Loix, and P. Lavand'homme, “Ketamine and
peripheral inflammation,” CNS Neuroscience & Therapeutics,
vol. 19, no. 6, pp. 403–410, 2013.

[27] A. H. Poon, F. Chouiali, S. M. Tse et al., “Genetic and histo-
logic evidence for autophagy in asthma pathogenesis,” The
Journal of Allergy and Clinical Immunology, vol. 129, no. 2,
pp. 569–571, 2012.

[28] J. C. Fan, J. J. Song, Y. Wang, Y. Chen, and D. X. Hong,
“Neuron-protective effect of subanesthestic-dosage ketamine
on mice of Parkinson’s disease,” Asian Pacific Journal of
Tropical Medicine, vol. 10, no. 10, pp. 1007–1010, 2017.

[29] H. Ito, T. Uchida, and K. Makita, “Ketamine causes
mitochondrial dysfunction in human induced pluripotent
stem cell-derived neurons,” PLoS One, vol. 10, no. 5,
article e0128445, 2015.

[30] M. Suzuki, C. Bandoski, and J. D. Bartlett, “Fluoride
induces oxidative damage and SIRT1/autophagy through
ROS-mediated JNK signaling,” Free Radical Biology &
Medicine, vol. 89, pp. 369–378, 2015.

[31] Y. Lou, W. Yu, L. Han et al., “ROS activates autophagy in
follicular granulosa cells via mTOR pathway to regulate
broodiness in goose,” Animal Reproduction Science, vol. 185,
pp. 97–103, 2017.

[32] N. Z. Kara, G. Agam, G.W. Anderson, N. Zitron, and H. Einat,
“Lack of effect of chronic ketamine administration on
depression-like behavior and frontal cortex autophagy in
female and male ICR mice,” Behavioural Brain Research,
vol. 317, pp. 576–580, 2017.

[33] K. W. S. Chan, T. M. C. Lee, A. M. H. Siu et al., “Effects of
chronic ketamine use on frontal and medial temporal cogni-
tion,” Addictive Behaviors, vol. 38, no. 5, pp. 2128–2132, 2013.

10 Journal of Immunology Research



[34] J. Copeland and P. Dillon, “The health and psycho-social
consequences of ketamine use,” International Journal of Drug
Policy, vol. 16, no. 2, pp. 122–131, 2005.

[35] H. J. Liang, K. L. Tang, F. Chan, G. S. Ungvari, andW. K. Tang,
“Ketamine users have high rates of psychosis and/or depres-
sion,” Journal of Addictions Nursing, vol. 26, no. 1, pp. 8–13,
2015.

[36] E. D. Bateman, S. S. Hurd, P. J. Barnes et al., “Global strategy
for asthma management and prevention: GINA executive
summary,” European Respiratory Journal, vol. 31, no. 1,
pp. 143–178, 2008.

11Journal of Immunology Research


	MTOR-Mediated Autophagy Is Involved in the Protective Effect of Ketamine on Allergic Airway Inflammation
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Protocol and Treatments
	2.3. BALF and Differential Cell Counts
	2.4. Enzyme-Linked Immunosorbent Assay (ELISA)
	2.5. Histological Examination and Immunohistochemistry
	2.6. Western Blot Analysis
	2.7. Transmission Electron Microscopy
	2.8. Statistical Analysis

	3. Results
	3.1. Roles of Ketamine in Allergic Airway Inflammation
	3.2. Roles of Ketamine in OVA-Induced Autophagy
	3.3. Rapamycin Abrogates the Protective Role of 50&thinsp;mg/kg Ketamine in Allergic Airway Inflammation
	3.4. Effect of Rapamycin on 50&thinsp;mg/kg Ketamine-Inhibited Autophagy

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Acknowledgments

