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Tracheal microbiome and metabolome i
profiling in iatrogenic subglottic tracheal
stenosis
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Abstract

Background To study the role of microecology and metabolism in iatrogenic tracheal injury and cicatricial stenosis,
we investigated the tracheal microbiome and metabolome in patients with tracheal stenosis after endotracheal
intubation.

Methods We collected 16 protected specimen brush (PSB) and 8 broncho-alveolar lavage (BAL) samples from 8
iatrogenic subglottic tracheal stenosis patients, including 8 PSB samples from tracheal scar sites, 8 PSB samples from
scar-free sites and 8 BAL samples, by lavaging the subsegmental bronchi of the right-middle lobe. Metagenomic
sequencing was performed to characterize the microbiome profiling of 16 PSB and 8 BAL samples. Untargeted
metabolomics was performed in 6 PSB samples (3 from tracheal scar PSB and 3 from tracheal scar-free PSB) using
high-performance liquid chromatography—mass spectrometry (LC—MS).

Results At the species level, the top four bacterial species were Neisseria subflava, Streptococcus oralis,
Capnocytophaga gingivals, and Haemophilus aegyptius. The alpha and beta diversity among tracheal scar PSB, scar-
free PSB and BAL samples were compared, and no significant differences were found. Untargeted metabolomics was
performed in 6 PSB samples using LC-MS, and only one statistically significant metabolite, carnitine, was identified.
Pathway enrichment analysis of carnitine revealed significant enrichment in fatty acid oxidation.

Conclusion Our study found that carnitine levels in tracheal scar tissue were significantly lower than those in scar-
free tissue, which might be a new target for the prevention and treatment of iatrogenic tracheal stenosis in the future.
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Introduction

Subglottic tracheal stenosis (SGS) is characterized by
fibroinflammatory stenosis of the upper airway, which
results in varying degrees of dyspnea. Iatrogenic sub-
glottic tracheal stenosis (ITS), as a result of endotracheal
intubation or tracheotomy, is the most common type of
SGS. Other etiologies include idiopathic or autoimmune
diseases or local radiation [1]. With the development
of medical technology and the progress of critical care
technology in China, the incidence of ITS has increased
gradually [2]. Although endoscopic intervention has
developed rapidly in recent years and has become the
main treatment for various types of airway stenosis, fre-
quent recurrence of tracheal stenosis requires repeated
intervention, leading to significant psychological, physi-
cal and financial stress for patients [3, 4]. Therefore, the
exploration of the pathophysiological mechanism of ITS
may provide a potential treatment.

The pathogenesis of ITS is complex, involving aber-
rant inflammatory immune activation and an abnormal
healing response [5]. Endotracheal intubation may cause
mucosal damage, ischemia and hypoxia, which may fur-
ther lead to changes in the local microenvironment and
epithelial cell metabolism pattern, and the inflamma-
tory response may be activated [5, 6]. Recent studies
have emphasized the relationship between inflammation
and imbalance of airway microbiota [7-9]. For example,
a drug-eluting endotracheal tube was shown to prevent
bacterial inflammation in subglottic stenosis by modulat-
ing the local microbiota [10]. In addition, the metabolism
of narrow tissue also changed. Previous studies showed
that metabolic inhibition by glutaminase inhibitors
reduced cell proliferation by inhibiting glycolysis in scar
fibroblasts [11]. Moreover, a histological study revealed
that submucosal fibroblasts and collagen fibers prolifer-
ated in the stenotic lesion, which led to granulation tissue
and scar formation [12]. Moreover, growing evidence has
confirmed the infiltration of lymphocytes, macrophages,
interleukin-17 A, interleukin-23, tumor necrosis factor,
and transforming growth factor in stenotic tissues [13—
15]. In recent years, an increasing number of studies have
revealed the role of disordered microbes in inflamma-
tory diseases, especially in the intestinal microbiome and
metabolome [16—18]. However, only a few studies have
explored the airway microbiome in patients with tracheal
stenosis [7, 10, 19], and the role of the tracheal microbi-
ome and metabolome in tracheal stenosis is unclear.

As part of the “omics” technologies, metabolomics and
genomics greatly expand our understanding of the rela-
tionship between intestinal microorganisms and diseases
by combining the two “omics” technologies. However, the
role of the airway microbiome and metabolome in air-
way stenosis remains unclear. Therefore, we combined
metagenomic next-generation sequencing (mNGS) and
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high-performance liquid chromatography-mass spec-
trometry (LC-MS) metabolomic technologies to evalu-
ate the tracheal microbiome and metabolome in patients
with tracheal stenosis after endotracheal intubation.

Methods

Patient selection

Eight iatrogenic subglottic tracheal stenosis patients who
presented to the Department of Respiratory and Critical
Care Medicine, Affiliated Hospital of Yunnan University,
were recruited. The degree of airway stenosis was graded
according to the classification of benign central airway
stenosis published in the European Journal of Respiratory
Medicine by Freitag et al., 2007 [20]. The inclusion crite-
ria included a history of endotracheal intubation, grade
III-IV tracheal stenosis, and no history of antibiotic use
or respiratory tract infection in the past 1 month. The
exclusion criteria were as follows: under 18 years of age;
pregnant women; and noniatrogenic airway stenosis.

Sample collection

All bronchoscopies were performed by the same expe-
rienced bronchoscopist. Before bronchoscopy, patients
were given midazolam (0.05 mg/kg) and sufentanil citrate
(lug/kg) for moderate sedation and analgesia. Local
anesthesia with 2% lidocaine was applied sequentially
during the procedures. Then, a flexible bronchoscope
(Olympus, BF-260) entered the trachea through one nos-
tril. PSB samples were collected from tracheal scar-free
and scar sites with a sheath brush (Olympus BC-5 CE,
Olympus Imaging, Center Valley, PA, USA) through a
flexible bronchoscope. The sampling positions of the
scar-free PSB were located 2 cm below the scar sites.
Then, the brush was pushed out of the sheath, cut with
ethanol-disinfected scissors, and placed in an Eppendorf
tube containing 1.5 ml of saline solution. Simultaneously,
PSB sample collection was performed. BAL samples were
obtained by lavaging the subsegmental bronchi of the
right-middle lobe with approximately 50 ml of 0.9% NaCl
solution through the bronchoscope. The first 20 ml was
discharged to avoid contamination, whereas the remain-
ing samples were collected for detection.

Metagenomic next-generation sequencing

(1) Library Preparation and sequencing

For PSB and BAL samples, DNA or RNA sequencing was
performed. DNA or RNA sequencing PCR-free library
preparation was prepared by reverse transcription (for
RNA), enzymatic fragmentation (except for plasma),
end repair, terminal adenylation, and adaptor ligation.
The concentration of libraries was quantified by real-
time PCR (KAPA) and pooled. Shotgun sequencing was
performed on the Illumina Nextseq platform. Approxi-
mately 20 million 75 bp single-end reads were produced
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for each library. For each run, one negative control (arti-
ficial plasma mixed with fragmented human genomic
DNA) and one positive control (a mixture of inactivated
bacteria, fungi, and pseudoviral particles containing
synthesized DNA or RNA fragments of adenovirus and
influenza A virus, respectively) were included for quality
control [21, 22].

(2) Bioinformatic pipeline

Raw sequencing data were analyzed by a bioinformatic
pipeline, which included the following steps: (1) unnec-
essary adapter sequences and low-quality bases (Q-score
cutoff, 20) were trimmed in the pipeline; (2) human host
sequences were eliminated by mapping to the human ref-
erence genome (GRCh38.p13 https://www.ncbi.nlm.nih.
gov/assembly/2334371) using BWA (BurrowsWheeler
alignment); and (3) after removal of low-complexity
reads, the remaining sequencing data were simultane-
ously aligned by BWA to a reference database [NCBI nt
database and GenBank (Benson et al., 2013)] to identify
microbial species [23].

(3) MNGS reporting criteria

Microbial reads identified from a library were reported
if (1) the sequencing data passed quality control fil-
ters (library concentration>50 pM, Q20>85%, and
Q30>80%); (2) negative control (NC) in the same
sequencing run does not contain the species or the RPM
(sample)/RPM (NC)>5, which was determined empiri-
cally as a cutoff for discriminating true positives from
background contaminations [24].

(4) Analysis of MNGS data

The differential abundance of bacterial taxa between
groups was assessed using the Wald test within DESeq2
v1.20.030 based on read counts scaled to account for
genome size with the Benjamini—Hochberg adjustment
for multiple comparisons. Relative abundance was cal-
culated using scaled read counts as a fraction of total
nonhost reads per sample. Alpha diversity was calculated
using QIIME v1.8.090 with counts normalized using the
size-factor method implemented within the R package
DESeq2 v1.22.230. A.

LC-MS metabolomics

(1) Sample preparation and extraction

The sample stored at -80 °C was thawed on ice
and vortexed for 10 s. A 150 pL extract solution
(ACN:methanol=1:4, V/V) containing internal standard
was added to a 50 uL sample. Then, the sample was vor-
texed for 3 min and centrifuged at 12,000 rpm for 10 min
(4 °C). A 150 pL aliquot of the supernatant was collected
and placed at -20 °C for 30 min and then centrifuged at
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12,000 rpm for 3 min (4 °C). Then, 120 pL aliquots of
supernatant were transferred for LC-MS analysis.

(2) HPLC conditions (T3)

All samples were acquired by the LC-MS system follow-
ing the manufacturer’s instructions. The analytical condi-
tions were as follows: UPLC: column, Waters ACQUITY
UPLC HSS T3 C18 (1.8 pm, 2.1 mm*100 mm); col-
umn temperature, 40 °C; flow rate, 0.4 mL/min; injec-
tion volume, 2 pL; solvent system, water (0.1% formic
acid):acetonitrile (0.1% formic acid); gradient program,
95:5 V/V at 0 min, 10:90 V/V at 11.0 min, 10:90 V/V at
12.0 min, 95:5 V/V at 12.1 min, 95:5 V/V at 14.0 min.

(5) Metabolomic Data Analysis

The orthogonal partial least squares analysis (OPLS-DA)
model was used to distinguish the metabolic profiling of
two groups of PSB samples. The heatmap was generated
by r (v 3.6.1). HMDB pathway enrichment analysis of the
differentially abundant metabolites was performed using
R (v3.6.1).

Results

mNGS results of all samples

A total of 24 samples were collected, including 8 PSB
samples from tracheal scar sites, 8 PSB samples from tra-
cheal scar-free sites and 8 BAL samples. The etiologies of
endotracheal intubation were varied, including trauma,
acute myocardial infarction, severe pneumonia, pesticide
poisoning and intracranial tumors. The days of intuba-
tion varied from 3 days to 15 days. The time from remov-
ing the endotracheal tube to the appearance of tracheal
stenosis varied from 2 weeks to 2 months (Table 1). At
the species level, the top 20 bacterial species among all
samples are represented in Fig. 1A, with the top four con-
sisting of Neisseria subflava, Streptococcus oralis, Cap-
nocytophaga gingivals, and Haemophilus aegyptius.

Diversity comparison among 3 groups

The alpha and beta diversity among tracheal scar PSB
and scar-free PSB and BAL samples were compared.
There was no significant difference in alpha diversity as
measured by the Shannon index among the 3 groups
(P=0.98, Fig. 1B). Similarly, no significant difference in
beta diversity was found (P=0.67, Fig. 1C). Further LEfSe
analysis showed no significant differences, indicating no
differences in lung microbiota among the 3 groups.

LC-MS metabolomics results

Untargeted metabolomics was performed in 6 PSB sam-
ples, including 3 scar PSB and 3 scar-free PSB, using
high-performance liquid chromatography-mass spec-
trometry (LC-MS). The OPLS-DA plot score showed
that scar sites were obviously separated from scar-free
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Table 1 clinical data. BAL: broncho-alveolar lavage; PSB: protected specimen brush; Days of intubation: days of endotracheal
intubation; Time of extubation: time from pulling out the endotracheal intubation to the occurrence of tracheal stenosis
Pa-  sampleID Group Etiology Days of Time of Age Gen-
tient of endotrache- intubation extubation der
ID al intubation
1 MDY 124-14D0002L-DNA-B44-20210817 broncho-alveolar lavage multiple trauma 10 days two months 21 male
(BAL)
MDY124-14D0004Z-DNA-B30-20210817 non-scar PSB
MDY124-14D0003Z-DNA-B29-20210817 scar PSB
2 MDL001-14D21360267-DNA-D44-20210831 broncho-alveolar lavage traumatic splen- 7 days two months 55 male
(BAL) ic rupture
MDLO01-14D2136025Z-DNA-D43-20210831 non-scar PSB
MDLO001-14D2136026Z-DNA-D44-20210831 scar PSB
3 MDY 143-14D0022G-DNA-A07-20211229 scar PSB acute myocar- 3 days two weeks 67 male
MDY 143-14D0020L-DNA-A05-20211229 broncho-alveolar lavage  dial infarction
(BAL)
MDY143-14D0021G-DNA-A06-20211229 non-scar PSB
4 MDY143-14D0003G-DNA-A31-20211015 non-scar PSB pesticide 4 days four weeks 23 fe-
MDY143-14D0002G-DNA-A30-20211015 scar PSB poisoning male
MDY 143-14D0001G-DNA-A29-20211015 broncho-alveolar lavage
(BAL)
5 MDY 143-14D0010G-DNA-D06-20211205 non-scar PSB severe 15 days two months 75 fe-
MDY 143-14D0009L-DNA-D23-20211205 broncho-alveolar lavage pneumonia male
(BAL)
MDY143-14D0011G-DNA-D07-20211205 scar PSB
[§ MDY143-14D0013G-DNA-A31-20211213 scar PSB intracranial 4 days two months 21 male
MDY143-14D0023L-DNA-D09-20220129 broncho-alveolar lavage tumors
(BAL)
MDY143-14D0014G-DNA-A32-20211213 non-scar PSB
7 MDL001-14D2136048L-DNA-D25-20210901 broncho-alveolar lavage Head and face 10 days two weeks 49 male
(BAL) frauma
MDLO001-14D2136047Z-DNA-D24-20210901 non-scar PSB
MDLO001-14D2136046Z-DNA-D23-20210901 scar PSB
8 MDY 143-17D0003G-DNA-B05-20211231 non-scar PSB pesticide 4 days four weeks 49 fe-
MDY143-17D0001L-DNA-B03-20211231 broncho-alveolar lavage poisoning male

(BAL)

MDY143-17D0002G-DNA-B04-20211231 scar PSB

sites (Fig. 2). Permutation tests verified that the PLS-
DA model is stable and not overfit (R2Y=99.8%,
Q2Y=67.7%). Based on VIP (variable importance in pro-
jection) 21, fold change>2 and p value<0.05, only one
statistically significant metabolite, carnitine, was identi-
fied (Fig. 3A). We found that carnitine levels in tracheal
scar sites were significantly lower than those in scar-free
sites (Fig. 3B). Pathway enrichment analysis of carnitine
in tracheal scar sites revealed significant enrichment in
fatty acid oxidation (Fig. 4).

Discussion

To the best of our knowledge, this study is the first to
profile the tracheal microbiome and metabolites in ITS
patients. There was no significant difference in the alpha
and beta diversity of the microbial community among
the scar PSB, scar-free PSB and BAL groups. However,
metabolomic examination showed that the carnitine

content of scar and scar-free sites was significantly differ-
ent. In addition, pathway enrichment analysis of carnitine
revealed significant enrichment in fatty acid oxidation.

In the current study, we performed mNGS sequencing
on 24 samples from 8 ITS patients. We found that Neisse-
ria subflava, Streptococcus oralis, Capnocytophaga gingi-
vals and Haemophilus aegyptius were the most abundant
species. Most of them are common oral species, sug-
gesting that upper respiratory flora can enter the lower
respiratory tract by microinhalation. The pulmonary
microbiota is determined by the balance between immi-
gration from the upper respiratory tract, local replication
and elimination [25]. In patients with tracheal stenosis,
structural disturbances of the local trachea may affect
the removal and replication of local microbiota and fur-
ther lead to disordered microbiota. Changes in tracheal
microbiota composition may activate the local inflam-
matory immune response and further aggravate tracheal
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Fig. 1 Tracheal microbiome profiling. A The stacked bar graph showed the top 20 species s in the scar PSB, scar-free PSB and BLA samples. B Comparison
of alpha diversity in the microbiome among scar PSB, scar-free PSB and BLA samples. C Comparison of beta diversity in the microbiome among scar
PSB, scar-free PSB and BLA samples. 1: scar PSB group; 2: scar-free PSB group; 3: BLA group. BAL: broncho-alveolar lavage; PSB: protected specimen brush

stenosis [26, 27]. However, it is still unclear whether air-
way flora disorder triggers inflammation or whether it
is a consequence of airway disease. In the present study,
we also found that the highest proportion of microbiota
isolated from most samples were classified as “other”.
Possible explanations were as follows: First, compared
with the gastrointestinal tract with the richest micro-
bial community in the human body, the types and abun-
dance of microorganisms in the respiratory tract were
relatively few. In addition, mNGS can capture all DNA
or RNA sequences in the sample and identify the full
spectrum of microorganisms, including bacteria, viruses,
fungi and parasites. Therefore, the amount of data gen-
erated by each sequencing of mNGS is enormous. We
chose to show the 20 species with the highest average
relative abundance among all samples, and the relative
abundance of other species varied greatly among differ-
ent samples. Taken together, these factors may cause the
microorganisms isolated from most samples to be classi-
fied as “other”.

Recent studies emphasized the relationship between
microbiota dysbiosis and pulmonary diseases [27, 28].

A study by Gelbard et al. demonstrated that mycobac-
terial species were associated with idiopathic subglot-
tic stenosis [19]. Furthermore, in the research by Hillel
et al, 16 S rRNA amplicon sequencing showed that the
tracheal microbiota diversity of scar sites was decreased
compared to that of scar-free sites in all etiology groups,
which included ITS and idiopathic subglottic steno-
sis. Unfortunately, this study did not compare microbial
diversity between scar and scar-free sites in the ITS sub-
group [7]. In our study, we found no significant differ-
ence in alpha and beta diversity of microbial community,
which was different from the studies by Gelbard et al [19]
and Hillel et al [7]. Possible reasons were as follows: First,
the subjects included were different. The two studies
cited in our article compared idiopathic subglottic tra-
cheal stenosis, ITS and healthy control group. However,
we only compared the scar and scar-free sites of ITS. Sec-
ond, the sequencing techniques utilized were different.
The sequencing technology used in our study was mNGS,
which identified the full spectrum of microbes, includ-
ing bacteria, viruses, fungi, and parasites. Its advantage
is that microbial identification can be accurate to the
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Fig. 2 Metabolomic analysis of PSB samples. OPLS-DA model indicates a signifificant difference between scar (A group) and scar-free PSB (B group)
(R2Y=99.8%, Q2Y =67.7%). BAL: broncho-alveolar lavage; PSB: protected specimen brush

species level [29], which enriches our understanding of
the respiratory microecology of ITS patients. However,
16 S sequencing mainly identifies and classifies bacteria
at the genus level. The species measured by 16 S sequenc-
ing were more abundant at the genus level [30]. There-
fore, there are some differences between the two analysis
objects. Third, there may be no statistical difference in
microbial diversity among scar PSB, scar-free PSB and
BAL samples, because the spatial variation of microbiota
within an individual was significantly smaller than varia-
tion across individuals [25].

Metabolomic analysis of PSB was used to screen
metabolites associated with tracheal stenosis. Finally,
only one statistically significant metabolite, carnitine, was
identified. Carnitine, an amino acid derivative, is found in
nearly all cells of the body and plays an important role in
antioxidant stress and energy metabolism [31]. In recent
years, increasing evidence has confirmed that carnitine
provides protection against inflammatory reactions and
oxidative stress injury [32, 33]. For example, it has been
reported that carnitine plays a protective role in inflam-
matory bowel disease by suppressing immune cell acti-
vation, inhibiting oxidative stress, and promoting the
integrity of the intestinal epithelium [34]. Moreover, a
clinical study showed that supplementing carnitine could
improve the condition of chronic obstructive pulmonary

disease and acute lung injury [35]. In the present study,
we found that carnitine levels in tracheal scar sites were
significantly lower than those in scar-free sites, which
might suggest the presence of inflammation in the local
scar sites.

In addition to the anti-inflammatory and antioxidant
effects mentioned above, carnitine also plays an impor-
tant role in the energy metabolism of cells. Consistently,
our enrichment analysis of carnitine revealed significant
enrichment in fatty acid oxidation. Metabolic disorders
may affect cellular activity, leading to immune disor-
ders and inflammation [35]. Cellular metabolism is very
important for the proliferation and quiescent activity of
stem cells. Research has found that cells regulate prolif-
eration by switching between different metabolic path-
ways [36]. Iatrogenic factors such as tracheal intubation
may lead to mucosal injury, ischemia and hypoxia, fol-
lowed by metabolic remodeling of tracheal epithelial
cells to support injury and repair [37]. The research by
Tsai, H. W et al. revealed that glutamine inhibitors could
prevent tracheal scar fibroblast metabolism and prolif-
eration [11]. In addition, fatty acid oxidation in the lung
tissue of patients with idiopathic pulmonary fibrosis was
abnormal [38]. Moreover, a recent study confirmed that
inhibition of fatty acid oxidation impaired the differentia-
tion and repair of airway epithelial cells [39]. In our study,
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Fig. 3 A Based on the specified screening criteria, the volcanic map
showed a significantly down-regulated metabolite carnitine between the
scar and scar-free PSB. B Heatmap showed that difference in camnitine con-
tent between scar (A group) and scar-free PSB (B group) (a red color indi-
cates a high carnitine level). BAL: broncho-alveolar lavage; PSB: protected
specimen brush

carnitine levels in scar sites were significantly lower than
those in scar-free sites, suggesting that fatty acid metabo-
lism in scar sites was blocked, which might explain the
aberrant inflammatory activation and abnormal healing
response in scar tissue.

Our research had some shortcomings as follows: first,
we included a limited sample size; second, due to insuf-
ficient remaining sample size, only six PSB samples were
subjected to LC-MS; third, we did not include healthy
patients as an external control; fourth, clinical indicators
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Fig. 4 A total of 4 pathways were detected by pathway enrichment
analysis of carnitine using HMDB database. Rich factor is the ratio of the
number of differentially expressed metabolites in the corresponding
pathway to the total number of metabolites annotated by the pathway.
The larger the value, the greater the degree of enrichment. The abscissa
represents the corresponding Rich factor for each pathway, the ordinate is
the pathway name, and the color of the points is the P-Value, with redder
indicating more significant enrichment. The size of the dots represents the
number of differentially enriched metabolites

that may be related to tracheal stenosis, such as tracheal
intubation type, cuff pressure, intubation days, and anti-
biotic use during tracheal intubation, were not collected;
fifth, we did not include patients with ITS from different
hospitals or regions; sixth, because this was a descriptive
study, we failed to explore the specific mechanisms of
carnitine and fatty acid metabolism in tracheal scar ste-
nosis. Therefore, it is necessary to carry out high-quality
prospective researches in the future.

Conclusion

Our study found that carnitine levels in airway scar tis-
sue were significantly lower than those in nonscar tissue,
which might be a new target for the prevention and treat-
ment of iatrogenic airway stenosis in the future.
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