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Abstract

Objectives/Hypothesis: Glutamine metabolism is a critical energy source for iatrogenic 

laryngotracheal stenosis (iLTS) scar fibroblasts, and glutaminase (GLS) is an essential enzyme 

converting glutamine to glutamate. We hypothesize that the GLS-specific inhibitor BPTES will 

block glutaminolysis and reduce iLTS scar fibroblast proliferation, collagen deposition, and 

fibroblast metabolism in vitro.
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Study Design: Test-tube Lab Research.

Methods: Immunohistochemistry of a cricotracheal resection (n = 1) and a normal airway 

specimen (n = 1) were assessed for GLS expression. GLS expression was assessed in brush 

biopsies of subglottic/tracheal fibrosis and normal airway from patients with iLTS (n = 6). 

Fibroblasts were isolated and cultured from biopsies of subglottic/tracheal fibrosis (n = 6). 

Fibroblast were treated with BPTES and BPTES + dimethyl α-ketoglutarate (DMK), an analogue 

of the downstream product of GLS. Fibroblast proliferation, gene expression, protein production, 

and metabolism were assessed in all treatment conditions and compared to control.

Results: GLS was overexpressed in brush biopsies of iLTS scar specimens (P = .029) compared 

to normal controls. In vitro, BPTES inhibited iLTS scar fibroblast proliferation (P = .007), 

collagen I (Col I) (P < .0001), collagen III (P = .004), and α-smooth muscle actin (P = .0025) gene 

expression and protein production (P = .031). Metabolic analysis demonstrated that BPTES 

reduced glycolytic reserve (P = .007) but had no effects on mitochondrial oxidative 

phosphorylation. DMK rescued BPTES inhibition of Col I gene expression (P = .0018) and 

protein production (P = .021).

Conclusions: GLS is overexpressed in iLTS scar. Blockage of GLS with BPTES significantly 

inhibits iLTS scar fibroblasts proliferation and function, demonstrating a critical role for GLS in 

iLTS. Targeting GLS to inhibit glutaminolysis may be a successful strategy to reverse scar 

formation in the airway.
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INTRODUCTION

Laryngotracheal stenosis (LTS) is a pathologic fibrotic process that narrows the larynx, 

subglottis, and/or trachea. The etiologies of LTS are varied including iatrogenic injury from 

endotracheal or tracheostomy tubes (iLTS), autoimmune diseases (usually granulomatosis 

with polyangiitis), idiopathic, and rarely external trauma or radiation. iLTS, second to 

persistent intubation, is the most predominant etiology.1–3 Specifically, trauma from the 

endotracheal tube disrupts the epithelium of the laryngotracheal complex and subsequently 

results in inflammation with recruitment of macrophages, T cells, and tissue disruptive 

enzymes during the wound-healing process. In iLTS, the wound-healing process becomes 

dysregulated, with excess extracellular matrix deposition and fibroblast hyperproliferation 

resulting in scar obstructing the airway.4–7 The narrowing of laryngotracheal airway can 

cause significant dyspnea that requires surgical dilation, cricotracheal resection, or 

sometimes permanent tracheostomy.8 Given the life-threatening severity of dyspnea and 

associated risks of these surgical procedures, it is critically important to develop an effective 

and noninvasive medical therapy for iLTS.

The development of effective medical therapies to treat iLTS has been limited by our 

knowledge gap in disease pathogenesis. Recent discoveries have shown iLTS fibroblasts are 

hyperproliferative and drive their proliferation with aerobic glycolysis.9 This Warburg-like 
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effect is similar to how cancer cells drive proliferation, even in the presence of oxygen and 

fully functioning mitochondrial respiration.9,10 This seemingly inefficient metabolic 

phenotype seen in cancer and fibrosis is thought to be because excess carbons generated 

from glycolysis are used to form the backbone of mitotic cells.11 To meet the increased 

metabolic demand, cells use glucose and glutamine for biogenesis.9,12,13 Glutamine has 

been shown to be a critical amino acid for iLTS scar fibroblasts, and glutamine inhibition has 

been effective at reducing iLTS scar fibroblast proliferation and collagen deposition, as well 

as decreasing glycolysis and mitochondrial oxidative phosphorylation.14

Targeted therapies have been developed against glutamine metabolism, including inhibition 

of glutamine uptake and glutamine-catalyzed enzyme activity in cancer and pulmonary 

fibrosis.12,14–17 Blockade of the glutamine transporter ASCT2 with V-9302 resulted in 

attenuated cancer cell growth and proliferation.18 In other studies, glutaminase (GLS) 

inhibition with DON (6-Diazo-5-oxo-L-norleucine), compound 968, CB-839, and BPTES 

(bis-2-[5-phenylacetamido-1,2,4-thiadiazol-2-yl] ethyl sulfide) was effective at inhibiting 

tumor growth and treating idiopathic pulmonary fibrosis by reducing cell proliferation and 

collagen deposition.3,19–23 GLS is an enzyme that converts glutamine to glutamate, a 

process known as glutaminolysis, which provides a carbon source to replenish α-

ketoglutarate (α-KG) in the tricarboxylic cycle for energy production and provides nitrogen 

for purine and pyrimidine biosynthesis.12 As a result, these studies demonstrate the concept 

of cellular selectivity based on metabolic demand, whereby hypermetabolic cells with high 

glutamine requirements respond to glutamine inhibition while cells with normal glutamine 

requirements are not affected.

Metabolic inhibition of iLTS by GLS inhibitors may represent a promising therapeutic 

strategy by taking advantage of cellular selectivity based on demand. In addition to 

providing an energy source for proliferating cells, glutamine is also a substrate for collagen 

production in human scar fibroblasts.21 In normal fibroblasts, glutaminolysis enhances 

collagen translation and stability via the α-KG–dependent mTOR complex 1 activation and 

collagen proline hydroxylation.19 Therefore, by inhibiting GLS, collagen synthesis and 

stability will be reduced. A previous study using a nonspecific glutamine inhibitor, DON, 

showed inhibition on cell proliferation and collagen deposition with reduced energy 

production through glycolysis in iLTS scar fibroblasts.14 Herein, we aimed to investigate the 

GLS-specific inhibitor BPTES and its effect on preventing iLTS scar in vitro. We 

hypothesize that BPTES administration will suppress iLTS scar fibroblast proliferation, 

collagen deposition, and affect the metabolism profile via blocking glutaminolysis.

MATERIALS AND METHODS

Patient Selection

Brush biopsies of subglottic/tracheal fibrosis and normal airways were obtained in patients 

with iLTS (n = 6) for GLS expression experiments. In addition, biopsies of subglottic/

tracheal fibrosis were performed to isolate fibroblasts in cell culture (n = 6). One 

cricotracheal resection specimen was obtained from one patient with iLTS (n = 1). Informed 

consent was obtained from participants in accordance with the Johns Hopkins University 

Institutional Review Board (NA_00078310). Normal subglottis and trachea were collected 
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from rapid autopsy specimen (n = 1), which was approved by the institutional review board 

(NA_00036610) at the Johns Hopkins University School of Medicine.

Brush Biopsy Specimen Sampling

Brush biopsies of human subglottic/tracheal fibrosis and normal appearing areas of the 

airway were obtained using a 1.0-mm-diameter bronchial cytology brush (ConMed, Utica, 

NY) in the same patient (n = 6). Specimens were procured at the time of routine operating 

room dilation of subglottic and tracheal stenosis. Brush biopsy samples were placed in 1.5 

mL sterile conical tubes and stored at −80°C for the measurement of GLS gene expression.

Laryngotracheal Fibroblast Isolation and Primary Cell Culture

Primary fibroblasts were isolated from the biopsy specimens, cultured, and expanded, as 

previously described.24 Passage 2 to 4 of the primary fibroblast cell lines were used for the 

purposes of our experiments.

Histochemistry Staining

The cricotracheal resection specimen and normal laryngotracheal specimen were fixed in 

10% formalin, and then each specimen was embedded in paraffin. Slides were made from 5-

μm-thick sections cut through in an axial plane, which were then stained with hematoxylin 

and eosin. For the GLS staining, the tracheal specimens were processed with antigen 

retrieval buffer for 20 minutes, and then blocked with 10% fetal bovine serum for 30 

minutes. Tissue slides were incubated in a solution with rabbit anti-GLS1 antibody, which 

has cross-species reactivity to human, mouse, and rat (dilution: 1:100; Bioss, Woburn, MA) 

at 4°C overnight. The following day, the slides were washed three times with phosphate-

buffered saline (PBS) and then incubated with goat anti-rabbit Alexa Fluor 633 antibody 

(dilution 1:200; Invitrogen, Eugene, OR) for 1 hour at room temperature. Slides were 

washed with PBS three times and then mounted with mounting media with 4′,6-

diamidino-2-phenylindole. A confocal microspore was used to visualize and image positive 

staining.

Experimental Design

The GLS inhibitor BPTES was used to inhibit the conversion of glutamine to glutamate. To 

confirm the effect of BPTES on GLS, dimethyl α-ketoglutarate (DMK), an analogue of the 

immediate downstream substrate, α-KG, was then added to restore the glutamine metabolic 

pathway inhibited by BPTES. Dose- and time-dependent experiments were performed to 

generate the appropriate concentration and incubation time of BPTES. We conducted dose-

dependent (1 uM, 10 uM, and 100 uM) and time-dependent (1 hour, 2 hours, 4 hours, 8 

hours, 24 hours) experiments to assess the inhibitory effect of BPTES on collagen I (Col I) 
gene expression in iLTS scar fibroblasts. The preliminary results showed that incubation 

with 10 uM BPTES for 2 hours had the greatest inhibitory effect on the Col I gene 

expression. In this study, iLTS scar cells were incubated in three conditions: 1) in normal 

growth media, 2) in growth media with 10 uM BPTES for 2 hours, and 3) in growth media 

with 10 uM BPTES for 2 hours and subsequently added 0.1 mM DMK to the media. After 

24 hours, cell lysate was collected for the extraction of RNA and protein using Allprep 
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RNA/Protein kit (Qiagen, Hilden, Germany). RNA samples were used for gene expression 

analysis. Protein samples were analyzed by Human Pro-Collagen I alpha 1 enzyme-linked 

immunosorbent assay (ELISA) Kit (Abcam, Cambridge, United Kingdom) for the Col I 

protein expression.

Proliferation Assay by MTS Assay

Cells were plated in 96-well culture plates with 1 × 104 cells per well and incubated in 

condition 1 and 2, as described in experimental design. After 24 hours, cell proliferation 

were quantified by [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium] (MTS) colorimetric techniques with MTS Colorimetric Assay 

(Abcam, Cambridge, United Kingdom) as previously described.14

Gene Expression Analysis by Real-Time Polymerase Chain Reaction

Gene expression of GLS and fibrosis markers Col I, collagen III (Col III), and α-smooth 

muscle actin (α-SMA) were measured with the Power SYBR Green PCR Mastermix (Life 

Technologies, Carlsbad, CA) and quantified using quantitative real-time polymerase chain 

reaction (PCR) on the StepOnePlus Real Time PCR System (Applied Biosystems, Foster 

City, CA). All samples were run in duplicate. The level of expression of each target gene 

was calculated as 2(−ddCt) as previously described.14

ELISA

Protein was extracted from cell lysate as mentioned in the experimental design. The protein 

level of Col I in cell lysate was assessed using Human Pro-Collagen I alpha 1 ELISA Kit 

(Abcam, Cambridge, MA) according to the manufacturer’s protocol. Samples were added to 

microplate strips and incubated with antibody cocktail for 1 hour. After three times of wash 

buffer, 3′,5,5′-Tetramethylbenzidine substrate were added to the wells for 10 minutes. Stop 

solution was used to stop the reaction and measured the optical density (OD) at 450 nm.

Cellular Oxygen Consumption and Extracellular Acidification Measurement

The effects of the BPTES on the mitochondrial oxygen consumption rate and the 

extracellular acidification rate were measured with XF Cell Mito Stress Test Assay Kit 

(Agilent Technologies, Santa Clara, CA) and XF Glycolysis Stress Test Kit (Agilent 

Technologies), respectively, using a Seahorse Bioscience XF24 Flux Analyzer (Agilent 

Technologies). Cells were seeded at a density of 2 × 104 cells per well in 24-well Seahorse 

culture plates and grew in condition 1 or 2. Mito stress test and glycolysis stress test was 

performed the following day as per the manufacturer’s protocol.14

Statistical Analysis

Results are represented as mean ± standard error. The Shapiro-Wilk test was used to test the 

normality of data. Oneway repeated measures analysis of variance with treatment as a factor 

(control, BPTES and BPTES+DMK) was used for the analysis of normalized quantitative 

PCR and ELISA results. Post hoc paired t tests were used for further analysis. The 

significance criterion for all analyses was set at P < .05. Data analysis was performed using 

Prism software (GraphPad Software, La Jolla, CA).
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RESULTS

Experimental Cohort

Biopsies were collected from 12 patients (eight female and four male) with a diagnosis of 

iLTS for GLS expression (n = 6) and cell culture (n = 6). Evaluation of demographics, 

disease characteristics, comorbidities, and patient history revealed high homogeneity with 

regard to disease. Patient characteristics are summarized in Table I.

iLTS Scar Fibroblasts Overexpressed GLS

Fibroblasts within the thickened lamina propria of a cricotracheal resection specimen from 

an iLTS patient showed intense GLS expression when compared to a normal trachea 

specimen (Fig. 1A–D). We used quantitative PCR to quantify the GLS expression in iLTS 

scar and normal fibroblasts. The results showed that iLTS scar fibroblasts have significantly 

higher GLS expression than normal tracheal fibroblasts (Fig. 1E) (n = 6, P = .029, 95% 

confidence interval (CI): 0.1993 to 2.439).

BPTES Inhibited iLTS Scar Fibroblasts Proliferation

Treatment of iLTS scar fibroblasts with BPTES significantly reduced the mean proliferation 

rate by 22% at 24 hours compared with untreated iLTS scar fibroblasts (n = 6, P = .0058, 

95% CI: −0.3423 to −0.09701) (Fig. 2A). Patient-specific results are presented in Fig. 2B. 

Six of six (100%) patients had a decreased proliferation rate following BPTES treatment.

BPTES Reduced Col I, Col III, and α-SMA Gene Expression in iLTS Scar Fibroblasts and 
DMK Rescued the Inhibition Effects

Quantitative real-time PCR was used for gene expression analysis. The results revealed that 

BPTES treatment resulted in a 43% decrease in Col I gene expression (n = 6, P < .0001, 

95% CI: 0.34 to 0.50), a 31% decrease in Col II gene expression (n = 6, P = .004, 95% CI: 

0.12 to 0.48), and a 43% decrease in α-SMA gene expression (n = 6, P = .0025, 95% CI: 

0.18 to 0.66) in BPTES treated iLTS scar fibroblasts compared with untreated iLTS scar 

fibroblasts (Fig. 3). Furthermore, DMK, an analogue of the immediate downstream 

substrate, was subsequently added to the culture media of BPTES-treated iLTS scar 

fibroblasts that successfully rescued the inhibition effects of BPTES on the gene expression 

of Col I (20.4% rescue) and Col III (16.3% rescue) (n = 6, P = .0018, 95% CI: −0.30 to 

−0.31 and n = 6, P = .0011, 95% CI: −0.23 to 0.019, respectively) (Fig. 3).

BPTES Reduced Elevated Production of Col I in iLTS Scar Fibroblasts

Col I protein expression was measured in the cell pellets, which was significantly reduced by 

40% following treatment of BPTES in iLTS scar fibroblasts at 24 hours compared to 

untreated iLTS scar fibroblasts (247.6 vs. 414.1 pg/μg protein, mean difference: 166.6 pg/μg 

protein, n = 6, P = .031, 95% CI: 19.74 to 313.4 pg/μg protein) (Fig. 4). Col I protein 

expression was significantly increased by the addition of DMK in BPTES-treated iLTS scar 

fibroblasts compared to the BPTES-treated iLTS scar fibroblasts without the supplement of 

DMK (311.7 vs. 247.6 pg/μg protein, n = 6, P = .021, 95% CI: −214.5 to 86.15 pg/μg 

protein) (Fig. 4).
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BPTES Alters the Metabolic Behavior of iLTS Scar Fibroblasts

Comparison of the metabolic profile of iLTS scar fibroblasts with and without BPTES 

treatment found a reduction in glycolytic reserve following BPTES treatment (mean 

glycolytic reserve of untreated iLTS scar fibroblasts: 3.5 mpH/min/10 μg protein versus a 

mean glycolytic reserve of treated iLTS scar fibroblasts: 1.38 mpH/min/10 μg protein, 95% 

CI: −3.5 to −0.91 mpH/min/10 μg protein, n = 6, P = .007) (Fig. 5). Glycolysis and 

glycolytic capacity did not change between BPTES-treated and untreated iLTS scar 

fibroblasts. Cellular mitochondrial oxidative phosphorylation parameters, including basal 

respiration, maximal respiration, and adenosine triphosphate production did not change in 

BPTES-treated iLTS scar fibroblasts compared with untreated iLTS scar fibroblasts. Results 

are summarized in Figures 5 and 6.

DISCUSSION

In this study, we demonstrated that iLTS scar fibroblasts have high GLS expression, and that 

inhibition of GLS activity attenuated iLTS scar fibroblast proliferation and function. The 

data showed that targeted inhibition of GLS with BPTES decreased cell proliferation, 

collagen expression and production, and reduced glycolysis, which is the preferred 

bioenergetic mechanism in scar fibroblasts. Furthermore, the importance of GLS is 

confirmed by the successful DMK rescue that restored collagen production.

This study elucidates one mechanism by which the global glutamine antagonist DON 

reverses fibrosis in iLTS scar fibroblasts. Treatment with DON has recently been shown to 

reduce iLTS scar fibroblast proliferation and collagen production in vitro. DON broadly 

inhibits multiple enzymes within the glutamine pathway, including GLS, asparagine 

synthase, nicotinamide adenine dinucleotide (NAD) synthase, and other enzymes involved in 

purine and pyrimidine synthesis to reverse fibrosis (Fig. 7).25 To identify the critical enzyme 

of DON’s complex metabolic inhibition, we chose to focus on GLS using the specific GLS 

inhibitor BPTES and DMK, the subsequent metabolite of α-KG in the glutamine pathway, 

as a rescue agent. Proliferating iLTS scar fibroblasts highly express GLS, which is 

upregulated in a wide variety of cancers (e.g., breast, lung, cervix, and brain) and lung 

fibrosis.12,26–28 Similar to the results of this study, GLS inhibition suppressed glutamine-

dependent cancers and reversed lung fibrosis.20,29–31 BPTES inhibition of GLS was 

effective at reducing fibroblast proliferation and collagen production and may be the 

principal reason why DON is effective to reverse iLTS.14

Glycolysis is the preferred biosynthetic pathway for iLTS fibroblasts.9 Metabolic inhibition 

by DON reduced both glycolysis and oxidative phosphorylation in iLTS scar fibroblasts.14 

In the present study, BPTES reduced the glycolytic reserve, a glycolysis outcome measure, 

in iLTS scar fibroblasts but did not have an effect on mitochondrial oxidative 

phosphorylation. The results are consistent with a previous study that showed BPTES had no 

effect on mitochondrial oxidative phosphorylation in normal lung fibroblasts.21 Therefore, 

BPTES inhibits the collagen production and cell proliferation by blocking glycolysis in iLTS 

scar fibroblasts, which have a greater demand for glutamine to support their pathologic 

behavior. Furthermore, GLS inhibition has a direct effect on collagen production by 

blocking proline hydroxylation to hydroxyproline, which is a critical substrate in collagen 
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synthesis. These effects combine to potentially contribute to reversing fibrosis (Fig. 7).
12,15,21,32

Although this study demonstrated the specific importance of GLS inhibition, inhibitors such 

as BPTES do not translate well in vivo or clinically due to its high molecular weight and low 

bioavailability.33 Global glutamine antagonists, such as DON and its prodrug, JHU-086, 

have lower molecular weight and higher bioavailability.34 When given systemically, DON 

has significant gastrointestinal side effects; however, local treatment modalities such as use 

of a drug-eluting stent and/or intralesional injection may allow DON or its analogues to be 

an effective treatment of iLTS.35 Ultimately, in vivo studies are needed to validate the 

targeted inhibitory effect of GLS for the treatment of iLTS. Another limitation was the 

variability among iLTS scar fibroblasts derived from six different patients in respond to 

BPTES treatment. This variability can result from the heterogeneity of the pathogenic 

mechanism, sampling differences or genetic variation in the wound healing process. 

However, when averaged, there were significant differences between BPTES treated and 

untreated iLTS scar fibroblast across all outcomes measured.

CONCLUSION

The data support that GLS may be a critical enzyme inhibited by DON and may be 

responsible for its antifibrotic effects. Specific blockage of GLS activity with BPTES 

significantly inhibits iLTS scar fibroblasts proliferation, collagen deposition, and metabolic 

activity. Supplemented with DMK, Col I and Col III expression was restored, indicating the 

specific inhibition on GLS activity by BPTES. These results suggest that inhibition of GLS 

and other enzymes in the glutamine pathway may be a successful strategy to reverse scar 

formation in laryngotracheal stenosis.
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Fig. 1. 
Glutaminase (GLS) is highly expressed in human iatrogenic laryngotracheal stenosis (iLTS). 

(A) Immunohistochemistry demonstrating intense staining of GLS in all fibroblasts within 

the thickened lamina propria (LP) of a cricotracheal resection specimen (CTR) from an iLTS 

patient. (B) Representative hematoxylin and eosin (H&E)-stained section of the same CTR 

specimen. (C) GLS staining in a normal trachea specimen. (D) Representative H&E-stained 

section of the same normal specimen. (E) Quantitative polymerase chain reaction 

demonstrating iLTS scar specimens to have increased gene expression of GLS compared to 

normal trachea specimens. Scale bars: 50 μM. L = left. [Color figure can be viewed in the 

online issue, which is available at www.laryngoscope.com.]
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Fig. 2. 
BPTES inhibits iLTS scar fibroblast proliferation. (A) BPTES attenuates iLTS scar 

fibroblasts proliferation at 24 hours compared to untreated iLTS scar fibroblasts in MTS 

proliferation assay. (B) Proliferation rate is reported on a per-subject basis. **P < .01. 

BPTES = bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide.

Tsai et al. Page 12

Laryngoscope. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
BPTES reduces Col I, Col III, and α-SMA gene expression. BPTES treatment significantly 

decreases the gene expression of (A) Col I, (B) Col III, and (C) α-SMA in iLTS scar 

fibroblasts compared to untreated fibroblasts at 24 hours. DMK successfully rescues the Col 
I and Col III gene expression in BPTES-treated fibroblasts. *P < .05; **P < .01; ***P 
< .001. α-SMA = α-smooth muscle actin; BPTES = bis-2-(5-phenylacetamido-1,3,4-

thiadiazol-2-yl) ethyl sulfide; Col I = collagen 1; Col III = collagen 3; DMK = dimethyl 2-

oxoglutarate;
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Fig. 4. 
BPTES reduces Col I protein. (A) BPTES treatment significantly decreases the Col I protein 

production in iLTS scar fibroblasts compared to untreated fibroblasts at 24 hours. DMK 

successfully rescues the Col I protein production in BPTES-treated fibroblasts. *P < .05. (B) 

Col I protein expression is reported on a per-subject basis. BPTES = bis-2-(5-

phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide; Col I = collagen 1; DMK = dimethyl 

2-oxoglutarate.
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Fig. 5. 
BPTES reduces the glycolytic reserve in iLTS scar fibroblasts at 24 hours. (A) Glycolytic 

test conducted on an XF24 analyzer of a patient set. There is no significant difference in 

glycolysis capacity (B) and maximal respiration (C) between BPTES treated and untreated 

iLTS scar fibroblasts. (D) BPTES treated iLTS scar fibroblasts show significant lower 

glycolytic reserve that untreated iLTS scar fibroblasts. *P < .01. 2-DG = 2-deoxy-glucose; 

BPTES = bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide; ECAR = 

extracellular acidification rate; iLTS = iatrogenic laryngotracheal stenosis.
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Fig. 6. 
BPTES does not affect mitochondrial oxygen consumption in iLTS scar fibroblasts at 24 

hours. (A) Mitochondrial stress test of a patient set conducted in a XF24 analyzer. There is 

no significant difference in basal respiration (B), maximal respiration (C), and ATP 

production (D) between BPTES-treated and untreated iLTS scar fibroblasts. ATP = 

adenosine triphosphate; BPTES = bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl 

sulfide; FCCP = carbonyl-4-(trifluoromethoxy)phenylhydrazone; iLTS = iatrogenic 

laryngotracheal stenosis; OCR = oxygen consumption rate; Rote = rotenone.
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Fig. 7. 
Different uses of glutamine in hyperproliferating cells. In proliferating cells, glutamine is 

converted to glutamate by glutaminase (GLS). Then the glutamate can either be converted to 

α-KG by GDH or contribute to amino acid synthesis and collagen formation. α-KG enters 

to the TCA cycle for energy production or replenishes the citrate content for the fatty acid 

synthesis that is essential for proliferating cells. In addition, α-KG is also a cofactor for P4H 

for the collagen formation that plays an important role for the formation of iLTS scar 

fibroblasts. Drugs that inhibit glutamine metabolism has been used for the treatment of lung 

fibrosis and cancer. In this study, BPTES inhibits the GLS to reduce the conversion of 

glutamine to glutamate and affect downstream metabolic pathways. DON inhibits multiple 

enzyme which includes GLS, ASN and NAD synthetase and also inhibit coenzyme, amino 

acids, purine and pyrimidine synthesis. In the present study, DMK, a α-KG analogue, is 

used to restore α-KG to rescue the inhibitory effect of BPTES. α-KG = α-ketoglutarate; 

ASN = asparagine synthase; BPTES = bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl 

sulfide; DMK = dimethyl 2-oxoglutarate; DON = 6-Diazo-5-oxo-L-norleucine; GDH = 

glutamate dehydrogenase; IDH = isocitrate dehydrogenase; iLTS = iatrogenic 

laryngotracheal stenosis; OAA = oxaloacetic acid; P4H = Prolyl-4-hydroxylase; TCA = 

tricarboxylic. [Color figure can be viewed in the online issue, which is available at 

www.laryngoscope.com.]
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TABLE I.

Patient Characteristics.

Enrollment Biopsies for Glutaminase Expression, n = 6 Biopsies for Cell Culture, n = 6

Median age, yr (range) 50 (27–72) 43.2 (25–72)

Sex, male/female, n (%)   0 (0)/6 (100)   4 (67)/2 (33)

Tobacco use, n (%)

 Current   0 (0)   0 (0)

 Former   2 (33)   2 (33)

 Never   4 (67)   4 (67)

Cotton-Meyer grade, n (%)

 1   1 (17)   2 (33)

 2   2 (33)   1 (17)

 3   3 (50)   2 (33)

 4   0 (0)   1 (17)

Tracheotomy, n (%)

 Presented with   2 (33)   4 (67)

 Required during biopsy   0 (0)   0 (0)

Etiology, n (%)

 Iatrogenic   6 (100)   6 (100)

 Congenita   0 (0)   0 (0)

Medication utilization, n (%)

 Autoimmune/autosuppressant therapy   0 (0)   0 (0)

 Oxygen therapy   0 (0)   0 (0)

 Inhaled steroid   1 (17)   1 (17)

 PPI   2 (33)   1 (17)

Comorbidities, n (%)

 Asthma   0 (0)   0 (0)

 Chronic obstructive   0 (0)   0 (0)

 Depression   3 (50)   2 (33)

 Laryngopharyngeal reflux   0 (0)   0 (0)

 Hemiplegia   0 (0)   1 (17)

 Hypertension   2 (33)   3 (50)

 Obstructive sleep apnea   0 (0)   1 (17)

 Solid tumor   0 (0)   0 (0)

 Inflammatory tissue disease   0 (0)   0 (0)

 Aspiration pneumonia secondary to dysphagia   0 (0)   0 (0)

 Months from injury to treatment, mean ± SD  14.6 ± 8.13 13.8 ± 9.23

PPI = proton pump inhibitor; SD = standard deviation.
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