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Purpose: The use of ketamine, an anesthetic, as a treatment for asthma has been investigated in numerous studies. However, how
ketamine affects asthma is unclear. The present study examined the effects of ketamine on a murine model of mixed-granulocytic
asthma, and the role of the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway.

Methods: The murine model of mixed-granulocytic asthma was established using ovalbumin (OVA) for sensitization and the
combination of OVA and lipopolysaccharides (LPS) for challenge. The main characteristics of asthma, oxidative stress biomarkers,
and the expression of the Nrf2 pathway were examined. ML385 was administered to verify the role of the Nrf2 pathway.

Results: Mice in the OVA +LPS group developed asthmatic characteristics, including airway hyperresponsiveness, mixed-
granulocytic airway inflammation, mucus overproduction, as well as increased levels of oxidative stress and impaired apoptosis of
inflammatory cells. Among the three concentrations, ketamine at 75mg/kg effectively attenuated these asthmatic symptoms, activated
the Nrf2 pathway, decreased oxidative stress, and induced apoptosis of eosinophils and neutrophils in bronchoalveolar lavage fluid
(BALF) with a reducing level of myeloid cell leukemia 1(Mcl-1). ML385 (an Nrf2 inhibitor) eliminated the protective effects of
ketamine on the mixed-granulocytic asthma model.

Conclusion: The study concluded that ketamine reduced oxidative stress and attenuated asthmatic symptoms (neutrophilic airway
inflammation) by activating the Nrf2-Keap1 pathway, with 75 mg/kg ketamine showing the best results. Ketamine administration also
increased neutrophil and eosinophil apoptosis in BALF, which may contribute to the resolution of inflammation. The use of ketamine
as a treatment for asthma may therefore be beneficial.
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Introduction

More than 350 million people worldwide suffer from asthma, and its prevalence has increased over the past 40 years,
making it a major public health issue.! Airway hyperresponsiveness, airway inflammation, and mucus overproduction are
the primary features of asthma, and the other two symptoms are closely related to inflammation.?

Eosinophilic, neutrophilic, mixed-granulocytic, and paucigranulocytic asthma are classified according to the percen-
tage of granulocytes in the sputum. Mixed-granulocytic asthma (sputum eosinophils >2% and neutrophils >40%) has
been associated with more severe asthma phenotypes® and is associated with lower lung function and a greater frequency
of wheezing.> These patients respond poorly to guideline-based therapy, which can account for most of the healthcare
costs and economic burden associated with asthma.* The existence of neutrophilic airway inflammation usually indicates

asthma exacerbation™® poor response to conventional treatment.” Aside from the release of inflammatory mediators,
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impaired or delayed inflammatory cell apoptosis, such as eosinophils® and neutrophils,” which is observed in asthma, also
contributes to the sustained airway inflammation.

Oxidative stress is a cellular state representing the imbalance of oxidants and antioxidants,'® it not only intensifies
inflammation but also regulates cell apoptosis, smooth muscle hypertrophy, mucus overproduction, and fibrosis in the
airways.'! The asthmatics have shown increased oxidant substances and impaired antioxidant systems in previous
studies,'? reactive oxygen species (ROS) produced by inflammatory responses is one of the major sources of oxidative
stress. '

Nrf2 is a transcription factor that plays an important role in maintaining redox balance. Under normal conditions,
Nrf2 remains inactive in the cytoplasm bound to its inhibitor Keapl.'* Oxidative stress activates the Nrf2 by dissociating
it from Keapl, and its translocation into the nucleus stimulates the expression of some antioxidant genes, such as
glutathione peroxidase (GPx), heme oxygenase-1 (HO —1), and so on."’

Ketamine is an uncompetitive N-methyl-D-aspartate receptors (NMDARs) antagonist and has long been used as an
anesthetic since 1970.'® Ketamine is the anesthetic drug of choice for patients with heart diseases and active bronch-
ospasm since it not only relaxes the bronchial muscle, but help supports hemodynamic stability as well.'” In addition to

19,20

anesthesia, ketamine is also widely used for sedation'® and pain management (both acute and chronic?' pain) with

less respiratory adverse effects, more rapid onset of effects, and longer duration in clinical practice. In addition to these

22,23 and

common applications, ketamine has received considerable attention for its use in neurological disorders
depression,”* which indicated some new properties of ketamine, such as the regulation of inflammation, apoptosis,
oxidative stress, and the immune system.?> Applications of ketamine in asthma management have been investigated in
some clinical trials,”*?° but controversial conclusions have been drawn and the underlying mechanisms need to be
examined further.

3031 which is critical to

It has been shown that ketamine can balance the production of oxidants and antioxidants,
asthma pathogenesis.>? Using a murine model of mixed-granulocytic asthma, we examined the effects of ketamine on
oxidative stress and mixed-granulocytic airway inflammation. The findings indicate that the Nrf2/Keapl pathway
mediates the therapeutic effects of ketamine on the murine model of mixed-granulocytic asthma and may play a role

in the regulation of neutrophil apoptosis by ketamine.

Materials and Methods

Animals

Balb/c mice (female; age: 67 weeks; weight: 20+2 g, Beijing Vital River Laboratory Animal Technology Co, Ltd.) were
housed in a controlled condition (25°C, 12-hour light/dark cycles) in the Animal Experimental Center. Mice were
provided with sterilized food and tap water ad libitum. The experiment began after a week of acclimatization. The
experiments were approved by the Institutional Animal Care and Use Committee of Plastic Surgery Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical College.

OVA+LPS-Induced Asthma Model

OVA and LPS were used in the establishment of a mixed-granulocytic asthma model according to the protocol of Yu

etal®?

with some modifications. There were six groups of mice in the present study (Figure 1). Mice in the Control group
and the K100 group were sensitized with 100puL saline on day 0 and 7 intraperitoneally. On day 14—17, the Control group
received 30 pL saline intranasally once daily, and the K100 group received an intraperitoneal injection of 100 mg/kg
ketamine (100 mg/2 mL Ketamine Hydrochloride Injection (Jiangsu HengRui Medicine Co., Jiangsu, China) diluted to
10 mg/mL with sterile PBS) once a day.

On day 0 and 7, mice in the OVA +LPS, OVA +LPS+K50, OVA +LPS+K75, OVA +LPS+K100, and ML385 groups
were i.p. sensitized with 100 pL saline containing 200 pg OVA (Sigma Aldrich; Merck KGaA, Germany) and 2 mg
aluminum hydroxide (Sigma Aldrich; Merck KGaA, Germany). From day 14 to 17, mice were administrated intranasally
with 30 pL saline containing 25ug OVA + 10pg LPS (Sigma Aldrich; Merck KGaA, Germany) once daily for challenge.
Mice in the OVA +LPS+K50, OVA +LPS+K75, and OVA +LPS+K100 group received an i.p. injection of ketamine (50,
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Figure |1 Animal experimental protocol. On day 0 and day 7, mice were intraperitoneally sensitized with 200 pig OVA and 2 mg aluminum hydroxide in 100 pL saline. On
days 14, 15, 16, and 17, mice were challenged intranasally with the administration of 25ug OVA + [0pug LPS in 30 pL saline once daily. Mice in the Control group were i.p.
sensitized with saline and i.n. challenged with saline. Mice in the K100 group were i.p. injected with saline for sensitization and i.p. injected with 100mg/kg ketamine for
challenge. For ketamine pretreatment, mice were i.p. injected with ketamine one hour before the challenge. Mice in the ML385 group were i.p. injected with ML385 working
solution two hours before the challenge and then injected with 75 mg/kg ketamine one hour before the challenge.

75, and 100 mg/kg) one hour before challenge. ML385 (MedChemExpress, New Jersey, USA) was diluted with DMSO
and corn oil to a working solution of 2 mg/mL, with a final concentration of DMSO of 1%. Mice in the ML385 group
received an intraperitoneal injection of ML385 working solution (30mg/kg) 2h before challenge and an i.p. injection of
ketamine (75mg/kg) one hour before challenge. The measurement of AHR and collection of bronchoalveolar lavage fluid
(BALF) were performed on day 18.

Assessment of AHR

FlexiVent (SCIREQ) was used to detect airway resistance in response to inhaled methacholine (Mch). Mice were
anesthetized with 2% pentobarbital sodium (50 mg/kg). After trachecotomy and catheterization, mice were placed in
a chamber for measurement. For each animal, respiratory resistance (Rrs) in response to inhaled Mch of different doses
(0, 6, 12, 24, and 48 mg/mL) was measured for 6 min. Data of each concentration was presented as the mean value of
6 min in cmH20/mL/sec. For each concentration, the Rrs of mice in the Control group is regarded as the baseline
(presented as 100%), and Rrs of mice in other groups are described as the percent increase in Rrs over the baseline.

Analysis of BALF

After being euthanized with 2% pentobarbital sodium (150 mg/kg), the left lung was ligated and the right lung was
lavaged with 0.8 mL cold DPBS three times through a catheter. After being centrifuged (1500 rpm; 4°C) for 10 minutes,
the supernatant of BALF was stored at —80°C for cytokines detection, and the cell deposits were resuspended with 500
pL DPBS for cell counting and BALF smear. Following the manufacturer’s protocol, BALF smears were stained with
Wright-Giemsa stain solution, which is purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China), to differentiate eosinophils and neutrophils. Total cells and differentiated cells were counted using Imagel
software (version 1.8.0; National Institutes of Health).

Histological Analysis

After the collection of BALF, the left lung was collected after the pulmonary circulation perfusion with saline. To fixate
the tissue, Lung tissues were placed in 4% paraformaldehyde for 48 hours at room temperature before embedment. For
hematoxylin and eosin (H&E) staining, lung tissues were embedded in paraffin and then cut into Sum-thick slides. For
periodic acid Schiff (PAS) staining, lung tissues were embedded in OCT and then cut into Sum-thick slides.
A commercial PAS staining kit from Beijing Solarbio Science & Technology Co., Ltd. was used. Different scoring
systems for the evaluation of histological changes in H&E- and PAS-stained sections have been described in our previous
work.>® The scoring system for assessment of peribronchial inflammation in H&E-stained sections: 0, normal; 1, a few
cells; 2, one cell layer around airways; 3, two-four cell layers around airways; 4, five-seven cell layers around airways; 5,
eight-ten cell layers around airways; 6, more than ten cell layers around airways. The percent of PAS-positive cells in the
airway epithelium was measured via Image J software (version 1.8.0), and results were graded to assess mucus secretion
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using a scoring system as follows: 0, less than 2%; 1, less than 20% and more than 2% (including 2%); 2, less than 40%
and more than 20% (including 20%); 3, less than 60% and more than 40% (including 40%); 4, less than 80% and more
than 60% (including 60%); and 5, more than 80% (including 80%). The slides were observed under an upright BX53
microscope (Olympus Corporation, Tokyo, Japan) and a total of five fields of view were examined by an experienced
pathologist blindly.

Enzyme-Linked Immunosorbent Assay (ELISA)

The commercial ELISA kits were purchased from Boster Biological Technology (Wuhan, China). According to the
manufacturer’s protocol, the cytokines in BALF, including Th2-cytokine (IL —4, IL =5, and IL —13), IL-6, IL-1p, TNF-a,
and IL-8 were detected using ELISA Kkits.

Assessment of Malondialdehyde (MDA), Superoxide Dismutases (SOD), and GPx

The commerecial kits for the detection of MDA, SOD, and GPx were purchased from Beyotime Biotechnology (Shanghai,
China) following the instructions of the manufacturer. The sample type used for the measurements was the supernatant of
homogenized lung tissue (50mg).

Immunohistochemistry (IHC)

5 um-thick Paraffin sections were used for the detection of Bax and Mcl-1 proteins by immunohistochemistry. The
primary antibodies include anti-Bax (Proteintech. Inc, Rosemont, IL, USA; 1:100) and anti-Mcl-1 (Abmart, Shanghai,
China; 1:100). The SPlink Detection Kit and DAB Peroxidase Color substrate kit were purchased from ZSGB-BIO
(Beijing, China). The sections were deparaffinized using xylene and dehydrated using alcohol at graded concentrations.
For antigen retrieval, sections were incubated in Sodium Citrate solution and heated for 20 minutes using a microwave
oven. The following steps followed the manufacturer’s protocol. Incubate the slides with DAB working solution in the
dark for 4-5 min, and control the reaction time by checking the color change of slides under the microscope. After
achieving the optimal color, stop the reaction by washing the slides with tap water. The nucleus was redyed with
hematoxylin, and the slides were observed via an upright BX53 microscope (Olympus Corporation, Tokyo, Japan).

Dihydroethidium Staining

Frozen lung sections were cut into 5 pum-thick slides and stained with Dihydroethidium (Beyotime Biotechnology,
Shanghai, China) to detect the content of ROS following the manufacturer’s protocol. The slides were observed via
a fluorescence microscope (BX53, Olympus, Tokyo, Japan) at 535 nm.

Western Blot

The specific protein expression in lung tissues were assessed using Western blot. A commercial Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime Biotechnology, Shanghai, China) was used for the extraction of nuclear protein
following the manufacturer’s protocol. 50mg of lung tissues were homogenized in RIPA lysis buffer (Applygen,
Beijing, China) containing protease inhibitors (Beyotime Biotechnology, Shanghai, China) for protein extraction. The
commercial BCA protein estimation kit was purchased from Beyotime Biotechnology. Protein was lysed in 5X SDS-
PAGE Protein Sample Loading Buffer (Beyotime Biotechnology, Shanghai, China) and then denatured by being heated
in a 95 °C water bath for 8 min. A total of 30 g protein were separated in Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and were transferred to nitrocellulose membranes via wet transfer. After wet transfer,
membranes were incubated in 5% BSA and blocked for 2 h at room temperature. The membranes were incubated with
primary antibodies overnight at 4 °C and washed with TBST for 10 min 3 times before secondary antibodies incubation.
The membranes were incubated with corresponding secondary antibodies for 1 h at room temperature. ECL detection
reagent, purchased from Beyotime Biotechnology (Shanghai, China), was used for protein detection following the
instructions. The visualization of proteins was performed using Chemi-Doc (Bio-Rad, Hercules, CA, USA) and semi-
quantitative analysis was performed via Image J software (version 1.8.0). Primary antibodies used in the experiment
included Nrf2 (Proteintech. Lnc, Rosemont, IL, USA, 1:1000), Keapl (Proteintech. Lnc, Rosemont, IL, USA, 1:1000),
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HO —1(Santa Cruz, Dallas, TX, USA, 1:1000), GPx4 (Proteintech. Lnc, Rosemont, IL, USA, 1:1000), Bax (Proteintech.
Lnc, Rosemont, IL, USA, 1:1000), Bcl-2 (Proteintech. Lnc, Rosemont, IL, USA, 1:1000), Mcl-1 (Abmart, Shanghai,
China, 1:1000), Caspase-3 (Proteintech. Lnc, Rosemont, IL, USA, 1:1000), beta-Actin (Proteintech. Lnc, Rosemont, IL,
USA, 1:2000), PCNA (Proteintech. Lnc, Rosemont, IL, USA, 1:2000). The secondary antibodies used for the experiment
were HRP-conjugated Affinipure Goat Anti-Mouse [gG(H+L). (Proteintech. Lnc, Rosemont, IL, USA, 1:4000), HRP-
conjugated Affinipure Goat Anti-Rabbit IgG(H+L) (Proteintech. Lnc, Rosemont, IL, USA, 1:4000) and m-IgGk BP-HRP
(Santa Cruz, Dallas, TX, USA, 1:1000).

Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from homogenized lung tissues (50 mg) in cold TRIzol® (Ambion; Thermo Fisher Scientific,
Inc. Waltham, MA, USA) following the manufacturers’ protocol. The A260/A280 ratio (measured via NanoDrop™ 2000
ultraviolet spectrophotometer (Thermo Fisher Scientific, Inc. Waltham, MA, USA)) between 1.8 and 2.0 is considered
pure. The cDNA synthesis was performed using HiScript 1st Strand cDNA Synthesis Kit-V22.1 (Vazyme, Nanjing,
China) according to the manufacturers’ protocol. gPCR was used for the quantification of mRNA using LightCycler® 480
SYBR Green I Master mix on a LightCycler™ 96 Instrument (Roche Diagnostics GmbH, Basel, Switzerland). The
primers (Invitrogen, Thermo Fisher Scientific, Inc. Waltham, MA, USA) were listed in Table 1. Primer sequences for RT-
qPCR. The expression levels of mRNA were normalized to B-actin. The 2-AACq method> was used to calculate the
relative expression levels of genes.

Flow Cytometric Analysis of BALF

After being filtered through a 100um nylon mesh, BALF was centrifuged at 400 x g at 4°C for 7 minutes and then
discarded the supernatant. The cells were incubated with 200 uL ACK lysis at room temperature for 2 min and then 1 mL
cold DPBS was to stop the reaction. After being centrifuged at 400 x g at 4°C for 7 minutes, the supernatant was
discarded and the cell pellet was resuspended with binding buffer (5% FBS) at 2 x 10°6/mL. Incubate the cells with the
fluorescent dye-conjugated mouse antibodies at 4°C for 30 min and avoid direct light. Neutrophils in BALF were marked
as LY-6G + (APC-CY7; BD Biosciences, NJ, USA) and CD 11b + (APC; BD Biosciences, NJ, USA); eosinophils in
BALF were marked as LY-6G — (APC-CY7; BD Biosciences, NJ, USA) and Siglec-F + (BV421; BD Biosciences, NJ,
USA). After being washed with ImL FBS, the cells were centrifuged at 400 x g at 4°C for 7 minutes before the detection
of apoptosis. The FITC Annexin V Apoptosis Detection Kit was purchased from BD Pharmingen (NJ, USA), and the
procedures followed the manufacturer’s protocol. Cells were analyzed via a BD Biosciences flow cytometer, and the
results were analyzed using FlowJo software (Version 10.8.1).

Table | Primer Sequences for RT-qPCR

Gene | Primer Sequence (5’-3’)

Nrf2 AGATGACCATGAGTCGCTTGC

CCTGATGAGGGGCAGTGAAG

Keapl CGGGGACGCAGTGATGTATG

TGTGTAGCTGAAGGTTCGGTTA

HO-1 GCTAGCCTGGTGCAAGATACT

AAGCTGAGAGTGAGGACCCA

GPx-4 | CCTCCCCAGTACTGCAACAG

GCACACGAAACCCCTGTACT

B-actin | CTCTTTTCCAGCCTTCCTTCTT

AGGTCTTACGGATGTCAACGT
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Statistical Analysis

In the present study, GraphPad Prism 9 (GraphPad Software) was used to analyze the data. For quantitative data, one-way
ANOVA followed by Bonferroni’s multiple comparisons test was used for the comparison of groups with different
pretreatment, and data were expressed as mean =+ standard deviation (SD). The Kruskal-Wallis test was used to analyze
histopathological scores, and the comparison of different groups was performed with Dunn’s multiple comparisons test.
Histopathological scores were ordinal data and were presented as the median + interquartile range (IQR). The difference
was considered statistically significant when P < 0.05.

Results
Ketamine Attenuates OVA+LPS-Induced Airway Inflammation

Histological analysis and inflammatory cell counting were used to assess airway inflammation. Significant inflammatory
cell infiltration was observed in the lung tissues of asthmatic mice on the basis of histological findings ("P<0.01, vs the
control group; Figure 2A and B). In comparison with the controls, both total cell and granulocyte counts (both
neutrophils and eosinophils) were significantly higher in BALF (*P<0.0001 for total cell counts, ¥P<0.001 for neutrophils
and eosinophils, vs the control group; Figure 2C and D).

There was a discrepancy between ketamine’s therapeutic effects on airway inflammation at three different concentra-
tions. Compared with the OVA+LPS group, ketamine at 75 mg/kg significantly reduced airway inflammation (*P<0.05;
Figure 2A and B), and reduced total cell and neutrophil counts in BALF (TP<0.01 for total cell counts and neutrophils
counts; Figure 2C and D). There was less improvement in these asthmatic symptoms when ketamine was administered at
50 mg/kg or at the anesthesia concentration (100 mg/kg). However, ketamine treatment did not result in a decrease in the
number of eosinophils in BALF.

Several inflammatory cytokines in BALF were examined by ELISA. Significant increases in the release of Th2
cytokines were observed in asthmatic mice (YP<0.0001 for IL-4, IL-5 and IL-13, vs the control group; Figure 2E). In
spite of the fact that ketamine-treated mice showed a reduction in the release of Th2 cytokines, no statistical significance
was found. The mice in the ketamine (75mg/kg) group showed the greatest reduction in cytokines associated with
neutrophilic inflammation among the three concentrations (*P<0.0001 for IL-6, IL-1p and IL-8, P<0.01 for TNF-a, vs
the OVA+LPS group; Figure 2E). The release of inflammatory cytokines and airway inflammation were not affected by
ketamine alone.

Ketamine Alleviates AHR and Mucus Overproduction

AHR and mucus hypersecretion are important features of allergic asthma.*® In the present study, airway resistance to
inhaled methacholine was assessed and percentages of PAS-positive cells were determined in order to assess AHR and
mucus production. Airway hyperresponsiveness to inhaled methacholine (*P<0.0001, vs the control group; Figure 3C)
and excessive mucus secretion around airways ("P<0.01, vs the control group; Figure 3A and B) were observed in
asthmatic mice in the present study. The difference of PAS score and airway resistance to different concentrations of
methacholine were not significantly different between the control group and the K100 group. Compared to the asthmatic
group, ketamine at 75 and 100 mg/kg significantly reduced Rrs (*P<0.0001; Figure 3C), with 75 mg/kg showing the best
bronchodilating effect ("P<0.01, vs the OVA+LPS+K100 group; *P<0.0001, vs the OVA+LPS+K50 group; Figure 3C).
Ketamine at 75 mg/kg greatly improved the mucus overproduction in asthmatic mice (¥*P<0.05, vs the OVA+LPS group;
Figure 3B), whereas the administration of the other two concentrations of ketamine did not.

Ketamine Reduces Oxidative Stress in the Mixed-Granulocytic Asthma Model

To evaluate the oxidative stress in lung tissues, dihydroethidium staining was performed in order to determine
intracellular ROS content, and MDA levels were assessed in order to determine lipid peroxidation. Asthmatic mice
displayed higher ROS levels in lung tissues than the control group (*P < 0.001; Figure 4A and B), and ketamine at
75 mg/kg significantly reduced ROS levels ("P<0.01, vs the OVA+LPS group; Figure 4A and B). The MDA level was
also elevated in asthmatic mice (*P<0.0001, vs the control group; Figure 4C), and ketamine (75 mg/kg) was most
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Figure 2 Ketamine attenuates OVA+LPS-induced airway inflammation. (A) H&E staining was used to assess infiltration of inflammatory cells around airways, and
magnification was 200X. scale bar, 100 um. (B) The infiltration of inflammatory cells was graded using a scoring system (n=5). The numbers of (C) total cells in BALF
was detected using a cell counting chamber; the numbers of (D) eosinophils, and neutrophils were detected using Wright-Giemsa stained BALF smears. (E) Inflammatory
cytokines in BALF were assessed by ELISA. Quantitative data are expressed as the mean * SD (n=3). Histological scores are expressed as the mean * interquartile range
(n=5).

Note: *P < 0.05; TP < 0.01; *P < 0.001; 5P<0.0001.

effective in reducing this effect (*P < 0.001, vs the OVA+LPS group; 'P<0.01, vs the OVA+LPS+K50 group; *P<0.05, vs
the OVA+LPS+K100 group; Figure 4C). Activities of SOD and GPx were measured in lung tissues to determine the
antioxidant capacity. Compared with the control group, the activities of GPx (*P<0.0001; Figure 4D) and SOD
(*P<0.0001; Figure 4E) were significantly decreased in the OVA + LPS group, whereas 75 mg/kg of ketamine
significantly restored these activities ("P<0.01 for SOD and GPx, vs the OVA+LPS group; Figure 4D and E). In
comparison with 75 mg/kg of ketamine. Ketamine at 50 and 100 mg/kg showed less improvement in antioxidant
capacity and oxidative stress. The redox condition of the lung tissues was not affected by ketamine alone.
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Figure 3 Ketamine alleviates AHR and mucus overproduction. (A) PAS-stained frozen lung sections were observed to assess mucus production in the airways. (B)
Percentages of PAS-positive cells were graded according to the histological scoring system described in Method. Magnification was 200X; scale bar, 100 pm. (C) Airway
resistance in response to inhaled methacholine (0, 6, 12, 24, and 48 mg/mL). For each concentration, the Rrs of the control group was regarded as 100%, and the results of
other groups were calculated as the percent increase over the control group. The quantitative data are presented as the mean + SD (n=3), and the ordinal data (histological
scores) were presented as the median + IQR (n=5).

Note: *P < 0.05; TP < 0.01; %P<0.0001.

Ketamine Activates the Nrf2/Keap| Signaling Pathway and Increases the Expression of
Nrf2-Targeted Genes

Several antioxidant genes downstream of Nrf2 contribute to the reduction of inflammation. We investigated the
expression of the Nrf2 pathway in lung tissues, including Nrf2, Keapl, HO-1, and Gpx4, in order to determine whether
Nrf2 contributes to ketamine’s antioxidant properties. qPCR was used to detect the expression of mRNA. When
compared with the control group, the expression of Nrf2 and antioxidant genes (GPx4 and HO-1) was increased without
statistical significance, and the expression of Keap!l significantly decreased in asthmatic mice (*P < 0.05 for Keapl;
Figure 5A and B). A 75mg/kg pretreatment increased the expression of Nrf2 and antioxidant genes (GPx4 and HO-1)
significantly, whereas a 100mg/kg or 50mg/kg pretreatment only affected the expression of GPx4 ("P < 0.01 for Nrf2 and
HO-1, P < 0.001 for Gpx4, vs the OVA+LPS group; Figure 5A and B). As the Nrf2/Keapl pathway is activated by the
translocation of Nrf2 from the cytoplasm into the nucleus, Western blot was used to determine their expression
levels. The administration of OVA and LPS significantly decreased the expression level of Keapl (P < 0.01, vs the
Control group) and increased the expression of Nrf2 (both total and nucleus) without statistical significance (Figure 5C).
It was also found that the expression of GPx4 and HO-1 was also elevated in the asthmatics, but the increase in GPx4
was not statistically significant (*P<0.05 for HO-1, vs the OVA+LPS group; Figure 5D). The results above indicated that
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Figure 4 Ketamine reduces oxidative stress in OVA+LPS-induced mixed granulocytic airway inflammation. (A) Levels of ROS in lung tissue were assessed using
dihydroethidium staining followed by fluorescence microscopy. Cell nucleus were stained with DAPI. Magnification was 200X. (B) Fluorescence intensity of dihydroethidium
was detected by Image ] software. (C) Measurements of MDA levels in lung homogenates. (D and E) Lung homogenates were used for GPx and SOD activities detection.
Quantitative data were presented as the mean * SD (n=3).

Note: *P < 0.05; TP < 0.01; *P < 0.001; 5P<0.0001.
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Figure 5 Ketamine activates the Nrf2/Keap| signaling pathway and increases the expression of Nrf2 targeted genes. mRNA levels of Nrf2, Keap| (A), and Nrf2-targeted
genes (GPx4 and HO-1) (B) were detected using qPCR. (C and D) The protein expression of Nrf2 pathway and B-Actin, B-Tublin and PCNA was analyzed by Western
blotting. Data of Western blot were analyzed using Image ] software (version 10.8.0). Expression of target proteins were normalized to the amount of B-Actin, -Tublin, or
PCNA protein. Quantitative data were presented as the mean * SD (n=3).

Note: *P < 0.05; /P < 0.01; *P < 0.001.

ketamine at 75 mg/kg had a better antioxidant effect than the other concentrations, and we detected the protein levels of
Keapl, Nrf2, GPx4 and HO-1 in the OVA+LPS+K75 group. As shown in Figure 5C and D, ketamine at 75 mg/kg
significantly activated the Nrf2 pathway by significantly elevating the expression of nuclear Nrf2 (*P<0.05 for Nrf2, vs
the OVA+LPS group) and reducing the level of Keapl (*P<0.05 for Keapl, vs the OVA+LPS group). Ketamine
pretreatment at 75 mg/kg also significantly increased the expression of Nrf2-related antioxidant proteins (*P<0.05 for
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GPx4 and HO-1, vs the OVA+LPS group). The results indicated that the Nrf2/Keapl pathway was involved in the
antioxidant properties of ketamine in the present model.

Ketamine Induces Neutrophils and Eosinophils Apoptosis in BALF

Since excessive oxidative stress caused by asthma tends to induce apoptosis in the lungs,?” we detected some apoptotic
and antiapoptotic factors in the lungs using Western blot. There was no significant difference in the expression of Bax or
Bcl-2 between these groups. However, administration of OVA+LPS significantly increased the level of cleaved Caspase-
3 compared with the Control group (*P < 0.001 for cleaved Caspase-3, vs the control group; Figure 6A and B). It is
noteworthy that the level of Mcl-1 in asthmatic mice was remarkably higher than that in control mice (*P < 0.001, vs the
control group; Figure 6B). The expression of Mcl-1 was significantly reduced by ketamine at 75mg/kg, whereas the
expression was not affected by ketamine at 50 or 100 mg/kg (P < 0.01, vs the OVA+LPS group and OVA+LPS+K50
group; *P<0.05, vs the OVA+LPS+K100 group; Figure 6A and B).

Since Mcl-1 plays a key role in neutrophil and eosinophil survival, we examined whether ketamine could induce
granulocyte apoptosis in lung tissues using IHC. The H&E staining revealed inflammatory cells infiltrating the bronchial
tube, and the IHC positive cells (Bax and Mcl-1) shared the same locations with the inflammatory cells (Figure 6C). IHC
results were consistent with the results of Western blot, showing an increase in expression of Bax and a decrease in
expression of Mcl-1 in inflammatory cells of ketamine groups (notably at a concentration of 75) (Figure 6C). Bax and
Mcl-1 were observed in inflammatory cells as indicated by the arrows.

In order to further test the hypothesis that ketamine induced the apoptosis of inflammatory cells, the apoptosis of
neutrophils and eosinophils in BALF was evaluated by flow cytometric analysis. As shown in the results (Figure 6D),
a significant increase in the apoptosis of neutrophils and eosinophils in BALF was observed following ketamine (75mg/
kg) treatment.

ML385 was administered to further investigate the possible role of Nrf2 signaling pathway in regulating neutrophils
and eosinophils apoptosis by ketamine. Although there was no significant difference in the protein levels of Bcl-1, Bax,
and Caspase-3 between the ML385 and the OVA+LPS+K75 groups, ML385 significantly increased the level of Mcl-1
(*P<0.05, vs the OVA+LPS+K75 group; Figure 6A and B). Since Mcl-1 plays an important role in regulating
inflammatory cell apoptosis, flow cytometry was used to detect neutrophil and eosinophil apoptosis in BALF. As
shown in the results, ML385 significantly abrogated the pro-apoptotic effect of ketamine on neutrophils in BALF
('P < 0.01, vs the OVA+LPS+K75 group; Figure 6D), whereas no statistically significant reduction in apoptotic
eosinophils was observed.

Inhibition of Nrf2 Reduced the Therapeutic Effect of Ketamine on the Murine Asthma
Model

To investigate the role of the Nrf2/Keapl pathway in the therapeutic effect of ketamine, ML385 (a Nrf2 inhibitor) was
administered. Western blot indicated that ML385 significantly suppressed the activation of Nrf2, as demonstrated by
upregulation of Keapl and downregulation of nuclear Nrf2, as well as decreased the levels of Gpx4 and HO-1 compared
to the OVA+LPS+K75 group (Figure 7A and B). In addition, ML385 treatment abrogated ketamine-induced reductions in
AHR, airway inflammation, and mucus production (Figure 7C-E). Compared with the OVA+LPS+K75 group, ML385
effectively restored the expression of proinflammatory cytokines, including IL-6, TNF-a, IL-1P, and IL-8, whereas the
expression of Th2-cytokines did not differ between the ML385 group and the OVA+LPS+K75 group. The results
indicated that the therapeutic effect of ketamine is modulated by the Nrf2 signaling pathway.

Discussion
Ketamine, a non-competitive antagonist of NMDAR, has been used clinically as an intravenous anesthetic since the
1970s.*® Ketamine has a wide range of clinical applications, such as anesthetic doses for rapid sequence induction in

patients with hemodynamic instability;*® subanesthetic doses for sedation and analgesia during short medical

18,40 19,41

procedures, pain management, bronchodilation for refractory bronchospasm and refractory status
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Figure 6 Ketamine induces neutrophils and eosinophils apoptosis in BALF. (A) The expression of Bax, Caspase-3 (pro and cleaved), Bcl-2, Mcl-1, B-Actin, and B-Tublin protein in lung
tissues was analyzed by Western blot. (B) Image ] software was used for semi-quantifications of Western blot with B-Actin or B-Tublin as internal control for normalization. (C)
Immunohistochemistry of Bax and Mcl- 1 and H&E staining were performed in the sequentially cut 5-pum lung sections. Magnification was 200X and the scale bar, was 100pum. (D) Percent
of late and early apoptotic eosinophils and neutrophils in BALF were measured using flow cytometry. Quantitative data were presented as the mean * SD (n=3). Expression of Bax and
Mcl-| were described by the arrows in (C).

Note: *P < 0.05; P < 0.01; *P < 0.001; %P < 0.0001.
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Figure 7 Inhibition of Nrf2 reduced the therapeutic effect of ketamine on the murine asthma model. (A) The protein expression of Nrf2 pathway and internal control
protein (B-Actin, B-Tublin, and PCNA) was examined by Western blot. (B) Image | software was used for semi-quantification of Western blot with B-Actin, -Tublin, and
PCNA as internal control protein for normalization. (C) Airway resistance in response to inhaled methacholine (0, 6, 12, 24, and 48 mg/mL). For each concentration, the Rrs
of the control group was regarded as 100%, and the results of other groups were calculated as the percent increase over the control group. (D) H&E-stained lung frozen
sections 200X magnification to assess inflammatory cell infiltration and PAS-stained lung frozen sections were observed under 100X magnification to assess mucus secretion.
Scale bar, 100 um. (E) Inflammatory cell infiltration and mucus secretion in lung tissues were graded via histological scoring systems (n=5). (F) ELISA was used to detect the
Levels of IL-8, IL-6, TNF-o, IL-1p, and Th2-cytokines in BALF. The quantitative data were expressed as the mean + SD (n=3), and the ordinal data (histological scores) were
expressed as the median + IQR (n=5).

Note: *P < 0.05; TP < 0.01; *P < 0.001; %P < 0.0001.

asthmaticus,* rapid-acting antidepressants,** neuroprotection’? and so on. Severe asthma attacks may lead to dangerous
complications such as hypoxia, respiratory arrest, and even cardiac arrest.** Ketamine has been investigated as a potential
treatment for acute asthma attack and refractory status asthmaticus in part due to its sympathomimetic hemodynamic
effects, analgesic and sedative effects, and bronchodilating properties. Ketamine has been shown to reduce the likelihood

26,27,29,45

of intubation in children and adults suffering from acute asthma attacks as well as alleviate lung injury by

decreasing pro-inflammatory cy‘tokines.“649 In addition to intravenous, inhalational administration of ketamine was
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shown to improve the peak expiratory flow rates (PEFR) in patients with acute severe asthma that had not responded well
to traditional treatments.?” Interestingly, some researchers have reported that children receiving intravenous ketamine for
acute asthma exacerbation did not experience significant improvement compared to standard treatment.?® In spite of the
growing interest in the use of ketamine for asthma treatment, conflicting conclusions may be due to the limited sample
size, insufficient large-scale prospective studies, and incomplete understanding of the mechanisms involved. In order to
further investigate the therapeutic effects of ketamine on severe asthma and the underlying mechanisms, we used
a murine mixed-granulocytic asthma model to simulate a severe form of asthma, where neutrophils play an important
role. The effects of ketamine treatment before every challenge were as follows: 1) it alleviated AHR, mixed-granulocytic
inflammation, and mucus overproduction; 2) it helped maintain redox balance by activating the Nrf2/Keap! signaling
pathway; 3) it induced the inflammatory cells apoptosis in BALF. Based on these results, ketamine relieves the mixed-
granulocytic asthma in mice by decreasing oxidative stress, enhancing inflammatory cell apoptosis, and modulating the
Nrf2/Keapl pathway.

The immunomodulatory effects of ketamine are demonstrated by its interaction with different aspects of inflamma-
tion: recruitment of inflammatory cells, cytokine production, and the regulation of inflammatory mediators. Inflammatory
mediators and oxidative stress are released by macrophages in response to aggression. Ketamine has been reported to
inhibit the secretion of cytokines (IL-6 and TNF-a)’*>! and oxidative substances®' in macrophages in vitro. Neutrophils
are the next cells involved in the inflammatory process. Ketamine can not only suppress neutrophil diapedesis,” but also
inhibit its function. The therapeutic effects of ketamine on allergic airway inflammation have been demonstrated in
several studies.® > However, there is no conclusive evidence that ketamine can relieve neutrophil-participated airway
inflammation. Based on our findings, ketamine significantly reduced the production of some cytokines in BALF,
including IL-6, TNF-a, IL-1p, and IL-8, and IL-8 is a crucial chemokine for neutrophils. When ketamine was admini-
strated, the number of neutrophils in BALF decreased, whereas the number of eosinophils did not change. The result was
supported by ELISA that ketamine pretreatment did not effectively reduce the levels of Th2 cytokines, which contradicts
the previous study.>* The possible cause of this result may be the different model used in our study from other studies,
and the lack of statistical significance may be attributed to an insufficient sample size. Our results demonstrated that
ketamine reduced inflammatory cytokines and relieved neutrophil-participated airway inflammation.

Oxidative stress occurs when ROS levels in a cell exceed the antioxidant defense mechanisms.'® Excessive
intracellular oxidative stress can result from elevated endogenous (products of normal cellular metabolism) or exogenous
(air pollutants, cigarette smoke, etc.) ROS, as well as a diminished antioxidant system.>® Neutrophil and eosinophil
infiltration are major sources of ROS, and ROS has been indicated to play an important role in pathogenesis of
asthma.””>® A high level of ROS leads to elevated MDA, a biomarker of lipid peroxidation, which impairs the
antioxidant system® and closely related to asthma severity.°” Oxidative stress parameters have been evaluated in
many studies on asthma development. The antioxidant capacity of asthma can be assessed by measuring enzymatic
antioxidants (SOD, CAT, GPx). Several studies have reported the loss of SOD activity in asthmatic patients, whereas
CAT activity does not differ significantly among asthmatic groups.®' Similar deficits in antioxidant capacity were
observed in the mixed-granulocytic asthma model used in this study: decreased activities of SOD and GPx, and elevated
levels of oxidative stress (MDA and ROS). The administration of ketamine reduced the level of oxidants, thereby
conserving some of the antioxidant system’s capacity. On asthmatic mice, ketamine demonstrated a dose-dependent
therapeutic effect and alleviated oxidative stress within the sub-anesthesia dosage range. Of the three concentrations of
ketamine, 75 mg/kg proved to be the most effective. Ketamine at 50 mg/kg was unable to effectively decrease the
oxidative stress due to insufficient dosage. The reason that 100 mg/kg ketamine failed to enhance the protective effects
may be that the anesthetic dosage of ketamine is too high to achieve the desired therapeutic effects in asthmatics.

The Nrf2 signaling pathway plays an important role in regulating antioxidant response.’® Oxidative stress induces
degradation of Keap1 and translocation of Nrf2 into the nucleus, where it regulates antioxidant genes (NQO1, HO-1, and
GPx).®* It has been demonstrated that severe asthma is associated with a lack of Nrf2 activity,*> which suggests that
activating the Nrf2 signaling pathway may facilitate asthma treatment. Furthermore, ketamine exhibits antioxidant proper-
ties in various cases: activating the Nrf2 pathway and enhancing the expression of antioxidant proteins.****%> We examined
the protein expression of Nrf2, Keapl and its targeted antioxidant enzymes in response to ketamine pretreatment. As shown
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in the results, the protein expression of Keap1 was decreased in asthmatics, while the Nrf2 expression was elevated without
statistical significance. The results of this study are consistent with the traditional pattern of Nrf2 activation by oxidative
insult.'*%? Pretreatment with ketamine enhanced expression of downstream antioxidants by further activating the Nrf2/
Keapl pathway. As an inhibitor of the Nrf2 pathway, ML385 was administered to mice receiving ketamine treatment to
demonstrate the involvement of the Nrf2 pathway in the therapeutic effects of ketamine in the present model. As the results
showed, ML385 inhibited the antioxidant and therapeutic effects of ketamine by inhibiting Nrf2 activation and restraining
the expression of antioxidant proteins. As illustrated in several studies, ketamine attenuates traumatic brain injury,’® hepatic
injury,®* and reduced LPS-induced HMGBI1® via activating Nrf2 pathway; and ketamine exerts its anti-
inflammatory properties via activating antioxidant defense system.”*® In conclusion, the Nrf2/Keapl pathway mediated
the antioxidant and therapeutic effects of ketamine on an OVA+LPS-induced murine model of asthma.

The modulatory effect of oxidative stress on apoptosis has been demonstrated by several studies.'**”°® The caspases
and the Bcl-2 family of proteins are important regulators of apoptosis, and the Bcl-2 family includes both anti-apoptotic
(Bcl-2, Bel-xl, and Mcl-1) and pro-apoptotic (Bad and Bax) proteins.®” The short-lived anti-apoptotic protein Mcl-1
inhibits the apoptosis of neutrophils and eosinophils through a variety of pathways that converge on caspase-3, whose
activation is dependent on the degradation of Mcl-1.7"" We examined the level of several apoptotic proteins and
antiapoptotic proteins in lung tissue. A significant reduction in the expression of anti-apoptotic proteins (Mcl-1) was
observed following ketamine pretreatment, in contrast to the level of Mcl-1 in asthmatic mice. Since Mcl-1 is essential
for neutrophils and eosinophils to survive, we hypothesized that ketamine pretreatment might primarily alter apoptosis in
inflammatory cells. To confirm our hypothesis, IHC of Bax and Mcl-1, as well as H&E staining, were performed in
continuous slices of the same lung tissue. In the ketamine group, inflammatory cells around the airways expressed more
Bax and less Mcl-1, while those in the asthma group expressed almost the same levels of Bax and Mcl-1. In order to
investigate the possibility that ketamine might regulate the apoptosis of inflammatory cells in BALF, flow cytometry was
used to examine neutrophils and eosinophils apoptosis. Results of the ketamine group supported the observation that
apoptosis of inflammatory cells was enhanced, which contributed to the resolution of airway inflammation in asthmatic
patients.” The pro-apoptotic effect of ketamine on inflammatory cells was partially impaired after the administration of
ML385, suggesting that the Nrf2 signaling pathway might be involved.

To our knowledge, we are the first to demonstrate the antioxidant and therapeutic benefits of ketamine on a murine
model of asthma characterized by mixed-granulated airway inflammation. We also present the evidence that the Nrf2/
Keapl pathway contributes to ketamine attenuating symptoms of severe asthma and the proapoptotic effects of ketamine
on eosinophils and neutrophils. According to our results, ketamine is beneficial for the treatment of severe asthma due to
its combination of anti-inflammatory, antioxidant, and bronchodilating properties.

The limitations of the present study include i) we have not been able to explain the mechanism of ketamine activating
Nrf2 pathway and inducing inflammatory cells apoptosis in BALF; ii) whether ketamine at sub-anesthetic dosages could
cause behavioral changes of asthmatic mice has not been investigated in the present study; iii) the administration routes
of ketamine other than intravenous were not included in the present study. In order to evaluate the efficacy and safety of
ketamine in the treatment of asthma, more large-scale prospective clinical studies are required. Due to its low price and
multiple properties, ketamine may also help reduce medical costs when used in asthma treatment.

Conclusion

According to our results, ketamine pretreatment decreased oxidative stress in lung tissues in a murine model of mixed-
granulocytic asthma by activating the Nrf2/Keapl pathway, contributing to the alleviation of asthma symptoms and the
apoptosis of inflammatory cells in BALF.
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