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Abstract

Although exertional dyspnea and worsening hypoxia are hallmark clinical fea-

tures of idiopathic pulmonary fibrosis (IPF), no drug currently available could

treat them. GBT1118 is a novel orally bioavailable small molecule that binds

to hemoglobin and produces a concentration-dependent left shift of the oxy-

gen–hemoglobin dissociation curve with subsequent increase in hemoglobin–
oxygen affinity and arterial oxygen loading. To assess whether pharmacological

modification of hemoglobin–oxygen affinity could ameliorate hypoxemia asso-

ciated with lung fibrosis, we evaluated GBT1118 in a bleomycin-induced

mouse model of hypoxemia and fibrosis. After pulmonary fibrosis and hypox-

emia were induced, GBT1118 was administered for eight consecutive days.

Hypoxemia was determined by monitoring arterial oxygen saturation, while

the severity of pulmonary fibrosis was assessed by histopathological evaluation

and determination of collagen and leukocyte levels in bronchoalveolar lavage

fluid. We found that hemoglobin modification by GBT1118 had strong anti-

hypoxemic therapeutic effects with improved arterial oxygen saturation to

near normal level. Moreover, GBT1118 treatment significantly attenuated

bleomycin-induced lung fibrosis, collagen accumulation, body weight loss, and

leukocyte infiltration. This study is the first to suggest the beneficial effects of

hemoglobin modification in fibrotic lungs and offers a promising and novel

therapeutic strategy for the treatment of hypoxemia associated with chronic

fibrotic lung disorders in human, including IPF.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic disease

of unknown etiology that is characterized by progressive

fibrotic destruction of the lung, resulting in worsening

dyspnea and progressive loss of lung function (Wilson

and Wynn 2009; Raghu et al. 2011). Currently, about

5 million people worldwide are affected by IPF with over

130,000 patients in the United States. The median patient

survival time is approximately 4 years from the time of

diagnosis (Raghu et al. 2006, 2011). Until recently, there

were no approved therapies for IPF. In 2015, the antifi-

brotic drugs, pirfenidone and nintedanib, were approved

based on demonstrating a reduction in the decline of lung

function (Forced vital capacity). However, a survival

advantage was not found, nor were key disease symptoms

consistently clinically impacted (King et al. 2014; Richeldi

et al. 2014; Harari and Caminati 2015). Therefore, there

continues to be a significant need for novel and effective

therapeutic drugs for IPF patients, especially to improve

symptoms and quality of life (QOL).

A prominent clinical feature of IPF is progressive hypox-

emia, resulting in exertional dyspnea and eventually dysp-

nea at rest. The recently approved drugs did not have a

significant impact on oxygen saturation or dyspnea

(Nishiyama et al. 2007; Parshall et al. 2012; Bodempudi

et al. 2014). Dyspnea or hypoxemia induced physical activ-

ity limitation is a prominent driver of QOL impairment

among IPF patients (Swigris et al. 2014). Hypoxemia

caused by pulmonary fibrosis refers to oxygen deficiency in

arterial blood and reduced percentage saturation of hemo-

globin (Hb) with oxygen. When oxygen (O2) loading of Hb
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is compromised in the disease lungs, such as fibrotic lungs,

an increase in Hb–O2 affinity may be of benefit by improv-

ing the loading of Hb with O2, consequently increasing

arterial O2 content and O2 delivery to tissues. In support of

this hypothesis, increased Hb–O2 affinity has been shown

to increase survival, improve cardiovascular function, and

systemic oxygenation during acute hypoxia (Eaton et al.

1974; Yalcin and Cabrales 2012). Moreover, humans or ani-

mals with high Hb–O2 affinity adapt better to acute and

long-term exposures to high-altitude hypoxia than their

relatives with normal Hb–O2 affinity (Hebbel et al. 1978;

Black and Tenney 1980).

The Hb–O2 affinity can be modified with Hb allosteric

effectors. GBT1118 is an analog of GBT440, a novel orally

bioavailable small molecule that binds covalently and rever-

sibly via Schiff base to the N-terminal valine of the Hb

alpha chain and allosterically modulates the Hb–O2 affinity

(Oksenberg et al. 2016). It elicits a concentration-depen-

dent left shift in the O2–Hb dissociation curve with subse-

quent increase in Hb–O2 affinity and arterial O2 loading

(Oksenberg et al. 2016). Therefore, we investigated whether

pharmacologically increasing Hb–O2 affinity with

GBT1118 could ameliorate hypoxemia associated with lung

fibrosis induced by bleomycin in mice (Degryse and Law-

son 2011; Moore et al. 2013). This article reports the pro-

found antihypoxemic and potential antifibrotic effects of

GBT1118 achieved via increasing Hb–O2 affinity. These

data establish pharmacological modification of Hb–O2

affinity as a promising and novel therapeutic strategy for

the treatment of chronic fibrotic lung disorders and pave

the way for the clinical development of “first in class” mole-

cules that treat IPF symptoms by improving hypoxemia.

Materials and Methods

Bleomycin model

The in-life portion of the mouse study was performed at

Aragen Biosciences (Morgan Hill, CA). Forty-eight C57B/

L6 male mice aged 7–8 weeks (Simonsen Laboratory, Gil-

roy, CA) were studied. Animals were administered 3 U/kg

bleomycin sulfate USP (Teva Pharmaceuticals, North

Wales, PA) or saline via oropharyngeal route (Walters

and Kleeberger 2008). Body weights of all mice were

recorded daily during the study. Animals were closely

monitored on the days of dosing and daily until the end

of the study.

Administration of GBT1118

GBT1118 was synthesized at Global Blood Therapeutics

and formulated in dimethylacetamide:polyethylene glycol

400 (PEG400):40% cavitron at a 1:5:4 ratio. GBT1118

(low dose: first day 50 mg/kg followed by 40 mg/kg daily;

or high dose: first day 150 mg/kg followed by 85 mg/kg

daily) or vehicle control was administered via oral gavage

to bleomycin-treated mice once daily from days 8 to 15

(Walters and Kleeberger 2008).

Pharmacological analysis

The oral exposure of GBT1118 and Hb–O2 dissociation

curve measurements were conducted at Global Blood

Therapeutics (South San Francisco, CA) and determined

by the methods described previously (Oksenberg et al.

2016). Samples were taken 4 h following the last dose of

the chronic dosing regimen.

Arterial blood gases and O2 saturation
analysis

On days 7 and 14 after bleomycin or saline administra-

tion, 50 lL of arterial blood from the tail artery were

used for the measurement of arterial oxygen saturation

(SaO2) using a whole blood co-oximeter (GEM OPL;

Instrumentation Laboratory, Bedford, MA). An additional

100 lL aliquot of blood was collected from the tail artery

and arterial blood gases (ABG) were measured using i-

STAT Handheld Blood Analyzer (ABBOTT, Lake Bluff,

IL). For each mouse, arterial pH, pCO2 (partial pressure

of carbon dioxide, mmHg), and pO2 (partial pressure of

O2, mmHg) were measured.

Bronchoalveolar lavage fluid analysis

Bronchoalveolar lavage fluid (BALF) was collected from

the lungs of the animals by lavaging the lung with 1 mL

Hank’s balanced salt solution. The BALF was centrifuged

and leukocytes in the cell pellet were counted using the

trypan blue exclusion method. Collagen content of the

BAL was determined by quantifying total soluble collagen

in the BALF supernatant using the Sircol collagen dye

binding assay according to the manufacturer’s instruc-

tions (Biocolor Ltd., Carrick Fergus, U.K.).

Histopathological analysis

The histopathological analysis was conducted at Seventh

Wave Laboratories (Chesterfield, MO). The lung samples

were processed and embedded with all lobes from each

mouse in one paraffin block. Coronal sections through

the four major lobes were stained with Masson’s tri-

chrome. For each animal, consecutive lung fields were

examined in a raster pattern using a 209 objective lens

and a 109 ocular lens (2009). A modified Ashcroft score

(Hubner et al. 2008) was recorded for each field.
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Statistical analysis

All data are presented as mean (�standard error of the

mean, SEM). Groups are compared by t test and one-way

ANOVA. Statistical comparison and graphical representa-

tions were performed using Prism 6.0 (GraphPad soft-

ware, San Diego, CA). Differences were considered

statistically significant if P-value was less than 0.05.

Results

GBT1118 increases Hb affinity for O2 in vivo

Mice were randomized into four treatment groups: high-

dose GBT1118, low-dose GBT1118, GBT1118 vehicle, or

saline. Animals were administered a single oropharyngeal

dose of bleomycin (BLM, 3 U/kg) or saline on day 0. The

development of fibrosis before day 8 was confirmed by

histopathology (Fig. 1B, C). Subsequently from days 8 to

15 the GBT1118-treated animals were administered one of

two different dosing regimens (low dose: first day loading

dose 50 mg/kg followed by maintenance dose 40 mg/kg

daily; or high dose: first day 150 mg/kg followed by 85 mg/

kg daily) once daily (QD) from days 8 to 15 (Fig. 1A).

The pharmacokinetic profile of GBT1118 in bleomycin-

treated mice shows the low- and high-dose regimens of

GBT1118 achieved 18.0% and 36.7% of calculated Hb

occupancy, respectively. Hb occupancy represents the pro-

portion of Hb bound by GBT1118 and was calculated as

the ratio of the concentration of GBT1118 to Hb in

blood. GBT1118 was found to quickly partition into the

red blood cells (RBCs) with a high blood/plasma ratio of

approximately 22:1 which is equivalent to RBC/plasma

ratio of 102:1 (Fig. 2A). This high RBC/plasma ratio indi-

cated a preferential partitioning of GBT1118, into the

RBCs and with the relatively low concentration in plasma

off target toxicities should be minimized and the thera-

peutic index maximized.

The Hb–O2 dissociation curves were determined ex vivo

in whole blood and correlated with the GBT1118 blood

concentrations following oral dosing for 8 consecutive days

in bleomycin-treated mice. The representative Hb–O2 dis-

sociation curves from GBT1118-treated mice demonstrated

a significant left shift in a dose-dependent manner indicat-

ing a higher Hb–O2 binding affinity (Fig. 2B). These data

indicate that oral dosing of GBT1118 increases Hb–O2

affinity in bleomycin-treated mice.

Administrations of GBT1118 rescue
bleomycin-induced hypoxemia

Responses to hypoxia in mice treated with GBT1118 were

first evaluated by measuring SaO2. SaO2 decreased over

time in bleomycin-treated mice. Both GBT1118-treated

groups showed a decrease in SaO2 on day 7 before

GBT1118 treatment and subsequent return toward control

values following treatment with GBT1118 for 7 consecu-

tive days. In contrast, arterial oxygenation levels of vehi-

cle-treated mice further declined throughout the study

(Fig. 3A). Please note the degree of hypoxemia was rela-

tively mild in this bleomycin model and completely res-

cued by both doses of GBT1118 treatment. These findings

demonstrate that GBT1118 treatment significantly reduces

hypoxemia by increasing O2 saturation and therefore O2

content.

In addition, the ABG were analyzed on days 7 and 14.

At day 7, in bleomycin-treated mice, arterial O2 tension

(PaO2) was significantly decreased, indicating an impair-

ment of pulmonary gas exchange. In vehicle-treated

Figure 1. Study design. (A) GBT1118 therapeutic treatment

schedule. Animals were given a single intratracheal challenge of

bleomycin (BLM) or saline. Two different doses of GBT1118 or

vehicle were given orally (PO) once a day (QD) from days 8 to 15.

Oxygen saturation and arterial blood gases were evaluated at 7 and

14 days after challenge. Inflammation and fibrosis were accessed at

day 15 after BLM. (B) Representative lung sections from day 7 mice

were stained with Masson’s trichrome to visualize collagen

deposition (blue). (C) Ashcroft scores representing the morphologic

fibrotic changes in the lungs of saline-exposed control mice and

bleomycin-exposed day 7 mice from (B). Data represent the

mean � standard error of the mean of n = 5 mice per group

(***P < 0.0001).
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Figure 2. Pharmacological characterization of GBT1118 as a hemoglobin modifier in bleomycin-treated mice. (A) Pharmacokinetics analysis.

GBT1118 blood and plasma concentrations were determined by mass spectrometry 4 h after the last dose. The results shown represent the

mean of n = 12 in each group and standard deviation. (B) Pharmacodynamic analysis. The effect of oral dosing of GBT1118 on ex vivo oxygen–

hemoglobin dissociation curves in bleomycin-treated mice. The representative oxygen–hemoglobin dissociation curves are shown (n = 3).

Figure 3. Effects of GBT1118 on bleomycin-induced hypoxemia at days 7 and 14. (A) Arterial oxygen saturation (SaO2) and (B) the arterial

blood gases (ABG) were analyzed on days 7 and 14 (before and after treatment; data are shown as means � SEM; **P < 0.01, n = 12 per

group).
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bleomycin mice, the PaO2 continued to decline until day

14. In contrast, low-dose GBT1118 treatment prevented

further decline of PaO2, indicating a beneficial effect on

disease progression. In the high-dose GBT1118 group, a

trend for an increase in PaO2 was observed (Fig. 3B). No

significant changes were observed on arterial carbon diox-

ide tension (PaCO2) and pH measurement (Fig. 3B).

Administrations of GBT1118 ameliorate
bleomycin-induced lung fibrosis

A recognized feature of bleomycin-induced lung fibrosis

in small rodents is prominent loss of body weight. In

mice administered with saline, daily weight gain was

observed. Animals treated with bleomycin and vehicle

showed typical and persistent body weight loss after bleo-

mycin exposure. In contrast, bleomycin challenged ani-

mals treated with either doses of GBT1118 underwent

steady weight gain after the start of dosing GBT1118 on

day 8, despite transient body weight loss prior to

GBT1118 treatment (Fig. 4A). These data indicate that

treatment with GBT1118 improves the overall health sta-

tus in bleomycin-treated animals.

In the bleomycin model, mice develop extensive

pulmonary fibrosis as well as a profound leukocyte infil-

tration into lungs; thus, the effect of GBT1118 treatment

on the alteration of pulmonary leukocyte numbers was

examined. We found that treatment with GBT1118 was

associated with decreased inflammation, as evidenced by

a significant reduction in total leukocyte cells recovered

in BALF on day 15 (Fig. 4B). This finding demonstrates

that GBT1118 treatment attenuates pulmonary inflamma-

tion in this model.

The key marker of bleomycin-induced lung fibrosis is

excessive collagen deposition. As expected, when com-

pared to saline control, bleomycin administration led to

an elevation in soluble collagen content in BALF on day

15 as assessed by a Sircol collagen dye binding assay.

GBT1118 treatment resulted in a significant reduction in

soluble collagen protein in the lungs (Fig. 5A). The

reduction in fibrosis was confirmed by quantitative mea-

surement of lung wet weights at necropsy. The lungs of

bleomycin mice administered with vehicle control were

significantly heavier than lungs from GBT1118-treated

mice, suggestive of reduced fibrotic disease in treated ani-

mals (Fig. 5B). These results indicate that GBT1118

improves pulmonary fibrosis in the bleomycin murine

model.

To confirm the therapeutic effects of GBT1118 treat-

ment on the indices of pulmonary fibrosis, lung sections

from day 15 mice were stained with Masson’s trichrome

to visualize collagen deposition. Vehicle-treated bleomycin

lungs were fibrotic and had extensive collagen deposition,

thickened pulmonary interalveolar septum, and oblitera-

tion of the alveolar airspaces by collagen. In contrast,

GBT1118-treated lungs showed diminished collagen

Figure 4. Effects of GBT1118 on bleomycin-induced changes in body weight and leukocyte infiltration. (A) Time course of percentage changes

in body weight after bleomycin (BLM) or saline treatment. Data represent the mean � standard error of the mean of n = 12 mice per group.

(B) Leukocyte count in bronchoalveolar lavage fluid (BALF). Data represent the mean � standard error of the mean of n = 12 mice per group

(*P < 0.05).
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deposition in both doses; many alveoli did not exhibit

septal fibrosis and resembled the parenchyma in lungs

without bleomycin exposure (Fig. 5C). Ashcroft scoring

to quantify morphologic fibrosis was performed, and

GBT1118 treatment improved overall scores by approxi-

mately 50% (Fig. 5D). These results suggest that

GBT1118 inhibits pulmonary fibrosis in this bleomycin

mouse model.

Discussion

Suitable animal models of IPF are lacking (Roman et al.

2013) and have been identified as a research priority for

the IPF field (White et al. 2016). In our attempt to eluci-

date the efficacy of GBT1118 drug effects were explored in

the most commonly used animal model of lung fibrosis:

the bleomycin-induced model. The results from this

in vivo therapeutic study provide support for the potential

use in IPF of a molecule that increases Hb–O2 affinity.

GBT1118 treatment not only restored arterial O2 to normal

levels, but also significantly inhibited the increase in num-

bers of inflammatory cell infiltrates, reduced collagen in

BALF, and resulted in an approximately 50% reduction in

fibrosis (histopathological changes in lung tissue). Addi-

tionally, GBT1118 administration ameliorated the loss of

body weight associated with bleomycin exposure.

Figure 5. Effects of GBT1118 on bleomycin-induced lung fibrotic lesions. Pulmonary fibrosis was induced by administering mice a single dose

of bleomycin. (A) Soluble collagen in bronchoalveolar lavage fluid (BALF) on day 15 by a Sircol collagen dye binding assay. (B) Lung wet

weights from mice exposed to saline or mice exposed to bleomycin and analyzed after GBT1118 or vehicle treatment from days 8 to 15. (C)

Lung sections from day 15 mice were stained with Masson’s trichrome to visualize collagen deposition (blue). (D) Ashcroft scores representing

the morphologic fibrotic changes in the lungs of saline-exposed control mice, and vehicle and GBT1118 treatment groups for bleomycin-

exposed mice (data are expressed as means � SEM; *P < 0.05; **P < 0.01).
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Exertional dyspnea and worsening hypoxia associated

with hypoxemia are prominent clinical features of IPF

progression as fibrosis increases and ventilation–perfusion
mismatch worsens. With worsening hypoxemia patient

QOL for IPF patients is significantly impacted including

limitation of their daily activities. The data from this

study suggest that a Hb modifier that enhances Hb–O2

affinity and improves arterial O2 uploading could poten-

tially be used to treat hypoxemia associated with pul-

monary fibrosis. Although a GBT1118-induced left shift

could theoretically decrease O2 release from Hb, our

in vitro data show that GBT1118-modified Hb remains

sensitive to the Bohr effect with intact unloading of O2

under low-pH conditions, and in vivo data from different

animal models of hypoxia challenge are consistent with

increased O2 extraction and consumption by tissues but

not any tissue hypoxia (Yalcin and Cabrales 2012; Cab-

rales et al. 2015; Oksenberg et al. 2016).

The health benefits of modifying Hb could be substan-

tial: improvement of hypoxemia can prevent dyspnea and

help patients preserve an active lifestyle and a better

QOL. Moreover, it could potentially impact the associated

comorbidities of IPF including pulmonary hypertension

and sleep-disordered breathing. Reduction in nocturnal

desaturations and the detrimental effects of systemic

hypoxemia associated with obstructive sleep apnea, which

has a prevalence as high as 88% in patients with IPF

(Lancaster et al. 2009; Pihtili et al. 2013), may impact the

course of IPF and associated complications (Kolilekas

et al. 2013; Mermigkis et al. 2015).

Interestingly, the data suggest that a Hb modifier that

improves hypoxemia in this bleomycin model could

potentially retard the progression of pulmonary fibrosis.

A dose response of GBT1118 was not seen here, which

may be due to the fact that the degree of hypoxemia

was relatively mild and completely rescued by both doses

(Fig. 3A). It will be necessary to inspect whether

GBT1118 has direct effects on oxidant activity, inflam-

mation, and fibrosis in the future. Despite these, the

overall beneficial effects of GBT1118 were clear. The role

of hypoxia driving the progressive fibrotic nature of the

disease has not been fully explored previously. In aggre-

gate, our own and previously published data might indi-

cate a potential role for hypoxia signaling in the

pathogenesis of pulmonary fibrosis (Jain and Sznajder

2005; Tzouvelekis et al. 2007; Rabbani et al. 2010; Kott-

mann et al. 2012; Bodempudi et al. 2014). It is possible

that a pathological loop exists in the fibrotic lung, in

which hypoxia promotes fibroblasts proliferation and

inflammatory damages, which in turn worsen hypoxia. It

would be very interesting to further study how increased

O2 saturation could benefit pulmonary injury, inflamma-

tion, or fibrosis.

In summary, this study supports further clinical evalua-

tion of allosteric Hb modifiers as a novel therapeutic

strategy for treating hypoxemia associated with pul-

monary fibrosis and potentially retarding the progression

of pulmonary fibrosis. GBT440, an analog of GBT1118

that increases Hb–O2 affinity and arterial O2 loading as

well, is currently in clinical trials for the treatment of

sickle cell disease and has demonstrated excellent safety

and biological effects in both healthy subjects and subjects

with sickle cell disease (NCT02285088, http://clinicaltri-

als.gov/) (Oksenberg et al. 2016).

Conflict of Interest

All authors of this manuscript are paid employees and

stockholders of Global Blood Therapeutics.

References

Black, C. P., and S. M. Tenney. 1980. Oxygen transport during

progressive hypoxia in high-altitude and sea-level waterfowl.

Respir. Physiol. 39:217–239.
Bodempudi, V., P. Hergert, K. Smith, H. Xia, J. Herrera, M.

Peterson, et al. 2014. miR-210 promotes IPF fibroblast

proliferation in response to hypoxia. Am. J. Physiol. Lung

Cell. Mol. Physiol. 307:L283–L294.
Cabrales, P., K. Dufu, A. Hutchaleelala, Q. Xu, J. Lehrer-

Graiwer, and U. Sinha. 2015. GBT1118 (analog of GBT440),

a potent allosteric modifier of hemoglobin oxygen affinity

increases tolerance to hypoxia in mice. American Heart

Association Scientific Sessions 2015 (Poster Presentation).

Degryse, A. L., and W. E. Lawson. 2011. Progress toward

improving animal models for idiopathic pulmonary fibrosis.

Am. J. Med. Sci. 341:444–449.

Eaton, J. W., T. D. Skelton, and E. Berger. 1974. Survival at

extreme altitude: protective effect of increased hemoglobin-

oxygen affinity. Science 183:743–744.
Harari, S., and A. Caminati. 2015. Idiopathic pulmonary

fibrosis: from clinical trials to real-life experiences. Eur.

Respir. Rev. 24:420–427.

Hebbel, R. P., J. W. Eaton, R. S. Kronenberg, E. D. Zanjani, L.

G. Moore, and E. M. Berger. 1978. Human llamas:

adaptation to altitude in subjects with high hemoglobin

oxygen affinity. J. Clin. Invest. 62:593–600.

Hubner, R. H., W. Gitter, N. E. El Mokhtari, M. Mathiak, M.

Both, H. Bolte, et al. 2008. Standardized quantification of

pulmonary fibrosis in histological samples. Biotechniques

44:507–511, 514–517.

Jain, M., and J. I. Sznajder. 2005. Effects of hypoxia on the

alveolar epithelium. Proc. Am. Thorac. Soc. 2:202–205.

King, T. E., Jr., W. Z. Bradford, S. Castro-Bernardini, E. A.

Fagan, I. Glaspole, M. K. Glassberg, et al. ASCEND Study

Group. 2014. A phase 3 trial of pirfenidone in patients with

idiopathic pulmonary fibrosis. N. Engl. J. Med. 370:2083–2092.

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2016 | Vol. 4 | Iss. 17 | e12965
Page 7

X. Geng et al. Hemoglobin Modification in Pulmonary Fibrosis

http://clinicaltrials.gov/
http://clinicaltrials.gov/


Kolilekas, L., E. Manali, K. A. Vlami, P. Lyberopoulos, C.

Triantafillidou, K. Kagouridis, et al. 2013. Sleep oxygen

desaturation predicts survival in idiopathic pulmonary

fibrosis. J. Clin. Sleep Med. 9:593–601.

Kottmann, R. M., A. A. Kulkarni, K. A. Smolnycki, E. Lyda, T.

Dahanayake, R. Salibi, et al. 2012. Lactic acid is elevated in

idiopathic pulmonary fibrosis and induces myofibroblast

differentiation via pH-dependent activation of transforming

growth factor-beta. Am. J. Respir. Crit. Care Med. 186:740–

751.

Lancaster, L. H., W. R. Mason, J. A. Parnell, T. W. Rice, J. E.

Loyd, A. P. Milstone, et al. 2009. Obstructive sleep apnea is

common in idiopathic pulmonary fibrosis. Chest 136:772–

778.

Mermigkis, C., I. Bouloukaki, K. Antoniou, G. Papadogiannis,

I. Giannarakis, G. Varouchakis, et al. 2015. Obstructive sleep

apnea should be treated in patients with idiopathic

pulmonary fibrosis. Sleep Breath 19:385–391.
Moore, B. B., W. E. Lawson, T. D. Oury, T. H. Sisson,

K. Raghavendran, and C. M. Hogaboam. 2013. Animal

models of fibrotic lung disease. Am. J. Respir. Cell Mol.

Biol. 49:167–179.
Nishiyama, O., H. Taniguchi, Y. Kondoh, T. Kimura, K. Kato,

T. Ogawa, et al. 2007. Dyspnoea at 6-min walk test in

idiopathic pulmonary fibrosis: comparison with COPD.

Respir. Med. 101:833–838.
Oksenberg, D., K. Dufu, M. P. Patel, C. Chuang, Z. Li, Q. Xu,

et al. 2016. GBT440 increases haemoglobin oxygen affinity,

reduces sickling and prolongs RBC half-life in a murine

model of sickle cell disease. Br. J. Haematol. doi:10.1111/

bjh.14214 [Epub ahead of print].

Parshall, M. B., R. M. Schwartzstein, L. Adams, R. B. Banzett,

H. L. Manning, J. Bourbeau, et al.; American Thoracic

Society Committee on Dyspnea. 2012. An official American

Thoracic Society statement: update on the mechanisms,

assessment, and management of dyspnea. Am. J. Respir.

Crit. Care Med. 185:435–452.

Pihtili, A., Z. Bingol, E. Kiyan, C. Cuhadaroglu, H. Issever, and Z.

Gulbaran. 2013. Obstructive sleep apnea is common in patients

with interstitial lung disease. Sleep Breath 17:1281–1288.

Rabbani, Z. N., J. Mi, Y. Zhang, M. Delong, I. L. Jackson,

K. Fleckenstein, et al. 2010. Hypoxia inducible factor

1alpha signaling in fractionated radiation-induced lung

injury: role of oxidative stress and tissue hypoxia. Radiat.

Res. 173:165–174.

Raghu, G., D. Weycker, J. Edelsberg, W. Z. Bradford, and G.

Oster. 2006. Incidence and prevalence of idiopathic

pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 174:810–
816.

Raghu, G., H. R. Collard, J. J. Egan, F. J. Martinez, J. Behr, K.

K. Brown, et al.; ATS/ERS/JRS/ALAT Committee on

Idiopathic Pulmonary Fibrosis. 2011. An official ATS/ERS/

JRS/ALAT statement: idiopathic pulmonary fibrosis:

evidence-based guidelines for diagnosis and management.

Am. J. Respir. Crit. Care Med. 183:788–824.
Richeldi, L., R. M. du Bois, G. Raghu, A. Azuma, K. K.

Brown, U. Costabel, et al. 2014. Efficacy and safety of

nintedanib in idiopathic pulmonary fibrosis. N. Engl. J.

Med. 370:2071–2082.
Roman, J., K. K. Brown, A. Olson, B. M. Corcoran, and K. J.

Williams; ATS Comparative Biology of Lung Fibrosis

Working Group. 2013. An official American thoracic society

workshop report: comparative pathobiology of fibrosing

lung disorders in humans and domestic animals. Ann. Am.

Thorac. Soc. 10:S224–S229.
Swigris, J. J., D. L. Streiner, K. K. Brown, A. Belkin, K. E.

Green, F. S. Wamboldt, et al. 2014. Assessing exertional

dyspnea in patients with idiopathic pulmonary fibrosis.

Respir. Med. 108:181–188.
Tzouvelekis, A., V. Harokopos, T. Paparountas, N.

Oikonomou, A. Chatziioannou, G. Vilaras, et al. 2007.

Comparative expression profiling in pulmonary fibrosis

suggests a role of hypoxia-inducible factor-1alpha in disease

pathogenesis. Am. J. Respir. Crit. Care Med. 176:1108–1119.

Walters, D. M., and S. R. Kleeberger. 2008. Mouse models of

bleomycin-induced pulmonary fibrosis. Curr. Protoc.

Pharmacol. Chapter 5:Unit 5.46.

White, E. S., Z. Borok, K. K. Brown, O. Eickelberg, A.

Guenther, R. G. Jenkins, et al.; American Thoracic Society

Respiratory Cell and Molecular Biology Assembly Working

Group on Pulmonary Fibrosis. 2016. An American Thoracic

Society Official Research Statement: Future Directions in

Lung Fibrosis Research. Am. J. Respir. Crit. Care Med.

193:792–800.
Wilson, M. S., and T. A. Wynn. 2009. Pulmonary fibrosis:

pathogenesis, etiology and regulation. Mucosal Immunol.

2:103–121.

Yalcin, O., and P. Cabrales. 2012. Increased hemoglobin O2

affinity protects during acute hypoxia. Am. J. Physiol. Heart

Circ. Physiol. 303:H271–H281.

2016 | Vol. 4 | Iss. 17 | e12965
Page 8

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Hemoglobin Modification in Pulmonary Fibrosis X. Geng et al.

http://dx.doi.org/10.1111/bjh.14214
http://dx.doi.org/10.1111/bjh.14214

