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Abstract

Objective/Hypothesis: Glutamine inhibition has been demonstrated an antifibrotic effect in 

iatrogenic laryngotracheal stenosis (iLTS) scar fibroblasts in vitro. We hypothesize that broadly 

active glutamine antagonist, DON will reduce collagen formation and fibrosis-associated gene 

expression in iLTS mice.

Study Design: Prospective controlled animal study.

Methods: iLTS in mice were induced by chemomechanical injury of the trachea using a 

bleomycin-coated wire brush. PBS or DON (1.3 mg/kg) were administered by intraperitoneal 

injection (i.p.) every other day. Laryngotracheal complexes were harvested at days 7 and 14 after 

the initiation of DON treatment for the measurement of lamina propria thickness, trichrome stain, 

immunofluorescence staining of collagen 1, and fibrosis-associated gene expression.

Results: The study demonstrated that DON treatment reduced lamina propria thickness (P 
= .025) and collagen formation in trichrome stain and immunofluorescence staining of collagen 1. 

In addition, DON decreased fibrosis-associated gene expression in iLTS mice. At day 7, DON 

inhibited Col1a1 (P < .0001), Col3a1 (P = .0046), Col5a1 (P < .0001), and Tgfβ (P = .023) 

expression. At day 14, DON reduced Co1a1 (P = .0076) and Tgfβ (P = .023) expression.

Conclusions: Broadly active glutamine antagonist, DON, significantly reduces fibrosis in iLTS 

mice. These results suggest that the concept of glutamine inhibition may be a therapeutic option to 

reduce fibrosis in the laryngotracheal stenosis.
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INTRODUCTION

Iatrogenic laryngotracheal stenosis (iLTS) is mostly caused by prolonged intubation. In iLTS 

patients, the endotracheal tube disrupts the laryngotracheal epithelium resulting in 

inflammatory cells (T lymphocytes and macrophages) and tissue disruptive enzymes 

overwhelming the physiologic wound-healing process.1–3 This pathologic inflammatory 

response leads to fibroblast hyperproliferation and extracellular matrix deposition forming 

scar that narrows the subglottic and/or proximal tracheal airway.4–8 The narrowing of 

laryngotracheal airway can cause life-threatening dyspnea; for which there are only surgical 

therapies at this time. Surgical procedures include serial endoscopic excision and dilation, 

cricotracheal resection, or sometimes permanent tracheostomy is required to relieve dyspnea 

in patients with iLTS.1 The lack of medical therapies for iLTS speaks to our knowledge gap 

in the pathologic processes driving disease. Therefore, it is critically important to better 

understand the pathophysiology to develop effective medical therapies for iLTS.

Our lab previously demonstrated that human iLTS-scar fibroblasts are hyperproliferative, 

have increased extracellular matrix deposition, and preferentially increase aerobic glycolysis 

when compared to normal fibroblasts.9 Utilizing aerobic glycolysis to drive cellular 

proliferation is known as the Warburg effect, a phenomenon identified in cancer cell 

physiology to generate energy for hyperproliferating cells.10 We identified a “Warburg-like 

effect” in iLTS-scar fibroblasts as they shifted from the physiological mechanism of 

oxidative phosphorylation to generate energy to the less efficient aerobic glycolysis to drive 

mitosis.9 This Warburg-like phenotype in iLTS may be leveraged by targeting the abnormal 

metabolism in scar fibroblasts to reduce or reverse fibrosis.

iLTS-scar fibroblasts’ high cellular metabolic demand is dependent on glutamine to fuel the 

tricarboxylic acid cycle metabolic intermediates to serve as building blocks for rapid cell 

proliferation.11 Glutamine is also a critical metabolic substrate for collagen production and 

collagen stability in human scar fibroblasts.12,13 Furthermore, our lab demonstrated 

increased glutaminase expression in biopsies from iLTS patients.14 Glutaminase is the 

primary enzyme responsible for converting glutamine to glutamate and blocking 

glutaminase reduces collagen production in iLTS scar fibroblasts in vitro.14 These findings 

support glutamine utilization as a rationale druggable target and potential therapy for iLTS.

DON (6-Diazo-5-oxo-L-norleucine) is a broadly active glutamine antagonist which blocks 

multiple enzymes within the glutamine pathway, including glutaminase.15 DON-mediated 

glutamine antagonist has successfully been utilized to suppress tumor growth in preclinical 

cancer models and exploratory clinical studies.16,17 In this study, we aim to translate 

glutamine inhibition to our preclinical mouse model to study its potential as a medical 

therapy for iLTS. We hypothesize that glutamine is a critical energy source for iLTS and 

systemic DON treatment will inhibit fibrosis in iLTS mice.

Tsai et al. Page 2

Laryngoscope. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MATERIALS AND METHODS

Animal Experiment

All animal experiments were approved by the Johns Hopkins University Animal Care and 

Use Committee (MO18M124). C57BL/6 mice underwent chemomechanical injury of the 

trachea using a bleomycin-coated wire brush to induce iLTS. Mice were randomized into 

two groups after inducing iLTS: 1) phosphate-buffered saline (PBS) control group and 2) 

DON treatment group. After 4 days after surgery, PBS or DON (1.3 mg/kg) were 

administered by intraperitoneal injection (i.p.) to mice every other day. Laryngotracheal 

complexes (subglottis and proximal trachea) were harvested at days 7 and 14 after the 

initiation of treatment in both groups for histologic analysis and fibrotic gene expression. All 

experiments were repeated three times. The timeline for the animal experiments was shown 

in Figure 1A.

Gene Expression Analysis by Real-time Polymerase Chain Reaction

Fibrosis markers collagen 1 (Cola1), collagen 3 (Col3a1), collagen 5 (Col5a1), alpha 

smooth-muscle actin (αSma), transforming growth factor-beta (Tgfβ), and fibronectin (Fn) 

were measured with the Power SYBR® Green PCR Mastermix (Life Technologies, 

Carlsbad, CA) and quantified using quantitative real-time PCR (qRT-PCR) on the 

StepOnePlus Real-Time PCR System (Applied Biosystems, Carlsbad, CA). All samples 

were run in duplicate. The level of expression of each target gene was calculated as 2(−ΔΔCt) 

as previously described.11

Histology and Statistical Analysis

Laryngotracheal complexes were fixed in 10% formalin for 24 hours and were embedded in 

paraffin. The embedded tissues were cut into 5 μm sections axially through the proximal 

trachea and then were stained with hematoxylin–eosin (H&E), Masson’s trichrome staining 

or Collagen 1 immunofluorescence staining. Trichrome stain was used for identifying 

collagen formation in the lamina propria (LP) which was performed according to the 

manufacturer’s instruction of Trichrome Stain Kit (Abcam, Cambridge, MA). Collagen in 

the trichrome stain was identified by dense or filamentous blue staining. For the H&E and 

Trichrome stain, Zeiss AX10 microscope (Zeiss, Oberkochen, Germany) was used to 

visualize and image positive staining. Stained slides were accessed to measure lamina 

propria LP thickness as previously described.18

For the collagen 1 staining, tissue slides were processed with antigen retrieval buffer for 20 

minutes and blocked with 10% FBS for 30 minutes. Tissue slides were incubated in a 

solution with rabbit anti-collagen 1 antibody (dilution: 1:400, Invitrogen, Eugene, OR) at 

4°C overnight. The following day, the slides were washed three times with PBS and then 

incubated with goat anti-rabbit Alexa Fluor 488 antibody (dilution 1:200, Invitrogen, 

Eugene, OR) for 1 hour at room temperature. After washing with PBS three times, tissues 

were mounted with mounting media with DAPI. Immunostained samples were imaged with 

a LSM510 laser scanning confocal microscope (Zeiss, Oberkochen, Germany).
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Statistical Analysis

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

test the normality of data. The student t-test was used for the analysis of the results. The 

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

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

RESULTS

DON Treatment Significantly Reversed iLTS in Mice

In the induced iLTS murine model, iLTS mice that received PBS-treatment had a thicker 

tracheal lamina propria in H&E stained sections compared to DON-treated mice at days 7 

and 14 (Fig. 1B,C) (day 7: n = 7, P = .026, 95% CI: −38.07 to −2.763; day 14: n = 8, P 
= .025, 95% CI: −39.99 to −3.119). Furthermore, the thickened tracheal lamina propria in 

PBS-treated mice showed intense collagen formation in trichome staining and collagen 1 

expression in immunofluorescence staining when compared to DON-treated mice at day 14 

(Fig. 2A,B).

DON Reduced Col1a1, Collagen3a1, Collagen5a1, and Tgfβ Gene Expression in iLTS Mice

Quantitative RT-PCR was used to evaluate the expression of fibrosis-associated genes, such 

as Col1a1, Col3a1, Col5a1, αSma, and Tgfβ. The results showed that DON-treated mice 

resulted in a 72% reduction in Col1a1 expression at days 7 and 14 (n = 5, P < .0001, 95% 

−0.9224 to −0.5835 and n = 4, P = .0076, 95% −1.207 to −0.2819, respectively) compared to 

PBS-treated mice (Fig. 3A,B). In addition, Col3a1 expression was reduced by 75% at days 7 

when compared to PBS-treated mice (n = 5, P = .0046, 95% CI: −1.289 to −0.3296) but 

displayed no difference at day 14 (Fig. 3A,B). In DON-treated mice, there was a 75% 

decrease in Col5a1 expression when compared to PBS-treated mice at day 7 (n = 5, P 
< .0001, 95% CI: −0.9091 to −0.5970) but there was no difference at day 14 between two 

groups (Fig. 3A,B). There was a significant increase in αSma expression at day 7 in DON-

treated group compared to PBS-treated group (n = 5, P = .0170.01, 95% CI: 0.2005–1.530), 

but there was no difference in αSma expression at day 14 between two groups. Furthermore, 

DON treatment significantly reduced Tgfβ expression at days 7 and 14 (n = 5, P = .023, 

95% CI: −0.6618 to −0.06373 and n = 4, P = .0310, 95% CI: −1.006 to −0.06863) compared 

to PBS-treated mice (Fig. 2A,B). In addition, we observed no significant differences in Fn 

expression between DON and PBS-treated groups at days 7 and 14 (Fig. 3A,B).

DISCUSSION

In this study, we demonstrated systemic DON treatment reduced fibrosis in an iLTS mouse 

model. DON-induced glutamine inhibition increased tracheal airspace in mice, reduced 

lamina propria thickness, collagen expression, and fibrosis gene expression at both 7 and 14 

days after initiation of therapy. These results build off previous studies showing glutamine 

inhibition suppresses the metabolism of hyperproliferative fibroblasts in iLTS in vivo.

Due to the high demand for glutamine in hyperproliferating cells, targeted therapies have 

been developed against glutamine uptake and glutamine-catalyzed enzymes for the treatment 
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of cancer and idiopathic pulmonary fibrosis.19–22 For example, the glutamine antagonists 

CB-839 and BPTES (bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulfide) blocked 

the production of glutamate from glutamine through a process called glutaminolysis and 

reduced tumor growth in colorectal cancer and lung cancer, as well as reversed pulmonary 

fibrosis.23–26 Previous studies in our lab demonstrated global inhibition of glutamine with 

DON reversed fibrosis with decreased Col1a1 and Col3a1 expression in vitro, and specific 

inhibition of glutaminase with BPTES reduced Col1a1, Col3a1, and α-Sma in iLTS scar 

fibroblasts.11,14 In the present in vivo study, DON treatment significantly reduced tracheal 

lamina propria thickness, collagen formation, and fibrotic gene expression, including 

Col1a1, Col3a1, Col5a1, and Tgfβ in iLTS mice, thereby demonstrating glutamine to be a 

critical building block for the development of fibrosis in iLTS.

These preclinical results suggest DON therapy has the potential to translate to human 

clinical trials. Here we showed DON had a significant antifibrotic effect in vivo with a 

relatively small sample size, ranging from n = 4 to n = 8 mice in the various experiments. 

However, systemic DON has been shown to have significant side effects. Previous clinical 

studies using systemic DON as primary and/or adjuvant cancer therapy demonstrated 

significant unintended effects on proliferating cells in the gastrointestinal (GI) mucosa, 

resulting in high dropout rates and in some cases, prematurely ending the trial.17,27 

Therefore, it is important to identify strategies to deliver DON to the site of disease while 

avoiding systemic side effects. One option would be topical treatments, such as intralesional 

injection or a drug-eluting stent, to effectively deliver glutamine inhibition to scar tissue in 

iLTS patients.28,29 Alternatively, systemic administration of selective glutaminase inhibitor, 

CB-839, has potential in iLTS as it showed a robust antitumor effect in preclinical trials 

without significant toxicity.30

Although the in vivo results for the DON treatment in iLTS are encouraging, there are 

certain limitations in the present study. First, the measurements of fibrosis in iLTS were only 

evaluated up to 2 weeks which was 1 week shorter than our previous studies. However, in 

the present study, we initiated DON treatment 4 days after iLTS induction and then accessed 

the fibrosis measurements 2 weeks later. The actual timing for the fibrosis measurements 

was 18 days which was close to our previous studies of 21 days. Furthermore, the 

myofibroblast marker, αSma, did not show an expected downregulation with DON 

treatment, differing from the other extracellular matrix genes, including Tgfβ, that were 

analyzed. Tgfβ has played a key role in the transformation of fibroblasts into myofibroblasts.
31,32 One possible explanation for the lack of correlation between Tgfβ and αSma results is 

the short study period in which DON does not have an effect on αSma expression at early 

time points but might demonstrate at later time points. Day 14 reveals a trend toward 

decreased αSma expression. Further αSma protein expression studies are warranted to 

confirm this.

CONCLUSION

Systemic DON treatment demonstrated anti-fibrotic effects in iLTS in vivo. Glutamine 

inhibition with DON reduced lamina propria thickness and extracellular matrix deposition in 

iLTS mice. These results indicate that iLTS fibroblasts have high demands for glutamine to 
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generate energy and building blocks during mitosis. In conclusion, this preclinical animal 

study suggests glutamine inhibition to be a promising treatment strategy to reverse fibrosis 

in iLTS by targeting pathologic fibroblasts.
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Fig. 1. 
Animal experiment flow chart and histologic assessment of iLTS mice. (A) iLTS surgery 

was performed at day −4. PBS and DON treatments were started 4 days after surgery and 

were i.p. administrated to mice every other day. Laryngotracheal complexes were harvested 

at days 7 and 14. (B) DON treatment significantly reduced the fibrotic lamina propria 

thickness in iLTS mice compared with PBS group at days 7 and 14. Quantification of the 

lamina propria thickness measurement from the histological results is shown in (C). (*) = P 
< .05; i.p.: Intraperitoneal injection; DON: 6-Diazo-5-oxo-L-norleucine; LP: lamina propria; 

C: cartridge; E: epithelial cells. Scale bar: 100 um.
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Fig. 2. 
DON treatment reduced collagen expression in iLTS mice. (A) representative trichrome-

stained tissue sections and (B) immunofluorescent staining of collagen 1 tissue sections 

demonstrated that DON treatment significantly reduced collagen formation in iLTS mice 

compared to PBS-treated group at day 14. DON: 6-Diazo-5-oxo-L-norleucine; LP: lamina 

propria; C: cartridge; E: epithelial cells. Scale bar: 100 um.
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Fig. 3. 
DON treatment reduced Col1a1, Col3a1, Col5a1, and Tgfβ expression in iLTS mice. (A). At 

day 7, DON treatment significantly decreased the expression of Cola1, Col3a1, Col5a1 and 

Tgfβ and increased αSma expression in iLTS mice compared to PBS group. Fn expression 

did not change after DON treatment at day 7. (B) At day 14, expression of Cola1, Col3a1, 

and Tgfβ were decreased after DON treatment in iLTS mice. Col5a1 and αSma expression 

did not change. (*) = P < .05; (**) = P < .01. DON: 6-Diazo-5-oxo-L-norleucine; Colla1: 

collagen 1; Col3a1: collagen 3; Col5a1 collagen 5; αSma: alpha-smooth muscle actin; Tgfβ: 

transforming growth factor-beta; Fn: fibronectin.
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