
RESEARCH Open Access

Esomeprazole attenuates inflammatory and
fibrotic response in lung cells through the
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Abstract

Introduction: Idiopathic pulmonary fibrosis (IPF) is an orphan disease characterized by progressive loss of lung

function resulting in shortness of breath and often death within 3–4 years of diagnosis. Repetitive lung injury in

susceptible individuals is believed to promote chronic oxidative stress, inflammation, and uncontrolled collagen

deposition. Several preclinical and retrospective clinical studies in IPF have reported beneficial outcomes associated

with the use of proton pump inhibitors (PPIs) such as esomeprazole. Accordingly, we sought to investigate

molecular mechanism(s) by which PPIs favorably regulate the disease process.

Methods: We stimulated oxidative stress, pro-inflammatory and profibrotic phenotypes in primary human lung

epithelial cells and fibroblasts upon treatment with bleomycin or transforming growth factor β (TGFβ) and assessed

the effect of a prototype PPI, esomeprazole, in regulating these processes.

Results: Our study shows that esomeprazole controls pro-inflammatory and profibrotic molecules through nuclear

translocation of the transcription factor nuclear factor-like 2 (Nrf2) and induction of the cytoprotective molecule

heme oxygenase 1 (HO1). Genetic deletion of Nrf2 or pharmacological inhibition of HO1 impaired esomeprazole-

mediated regulation of proinflammatory and profibrotic molecules. Additional studies indicate that activation of

Mitogen Activated Protein Kinase (MAPK) pathway is involved in the process. Our experimental data was

corroborated by bioinformatics studies of an NIH chemical library which hosts gene expression profiles of IPF lung

fibroblasts treated with over 20,000 compounds including esomeprazole. Intriguingly, we found 45 genes that are

upregulated in IPF but downregulated by esomeprazole. Pathway analysis showed that these genes are enriched

for profibrotic processes. Unbiased high throughput RNA-seq study supported antifibrotic effect of esomeprazole

and revealed several novel targets.

Conclusions: Taken together, PPIs may play antifibrotic role in IPF through direct regulation of the MAPK/Nrf2/HO1

pathway to favorably influence the disease process in IPF.
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a rare but deadly

form of lung disease characterized by progressive loss of

lung function that culminates in shortness of breath and

often death within 3–4 years from the time of diagnosis.

The disease has an incidence of 93.7 cases per 100,000

[1] and its prevalence increases with age with a median

age at diagnosis of 60 years [1, 2]. It is believed that re-

petitive subclinical injuries to the lungs of susceptible in-

dividuals favor a lung microenvironment that tips the

balance towards pro-oxidant, pro-inflammatory, and

profibrotic processes. A few years ago, the FDA ap-

proved two drugs for the treatment of IPF; pirfenidone

and nintedanib [3, 4]. Although this is a significant land-

mark in our quest to treat IPF, these two drugs only

slow the disease progression but are unable to halt the

disease or reverse established fibrosis to cure IPF. Ac-

cordingly, there is an opportunity to search for and de-

velop more effective therapies either from libraries of

new chemical entities (NCEs) or through repurposing of

existing drugs approved for other indications.

Among existing drugs, proton pump inhibitors (PPIs)

have promising potential to be repurposed for the treat-

ment of IPF [5, 6]. Originally approved to reduce gastric

acidity, a number of studies have linked the use of PPIs

with improvement in measures of lung function leading

to significantly longer transplant-free survival time in pa-

tients with well-defined IPF [7–11]. A recent official

clinical practice guideline representing leading Thoracic

Societies also conditionally recommended the use of

PPIs for IPF [12]. However, mechanistic understanding

of how PPIs regulate processes involved in lung remod-

eling is lacking. In this regard, we recently reported that

PPIs directly inhibit an enzyme, dimethylarginine

dimethylaminohydrolase (DDAH) [10], that is upregu-

lated in lung tissues explanted from IPF patients [13,

14], and has been shown to promote experimental lung

fibrosis [13].

DDAH is a cytosolic enzyme expressed in almost every

mammalian cell to regulate levels of its endogenous sub-

strate asymmetric dimethylarginine (ADMA) [15].

ADMA is a competitive inhibitor of nitric oxide (NO)

synthase (NOS) including the inducible isoform (iNOS).

Inducible NOS has been shown to be significantly up-

regulated in animal models of lung injury [16] and its

genetic or pharmacological inhibition has been demon-

strated to be protective in models of bleomycin-induced

lung injury [10, 16, 17]. It has also been reported that

IPF patients have higher levels of circulating peroxyni-

trite (OONO−); a highly reactive oxidant and nitrating

molecule that is generated by iNOS during inflammatory

processes [18, 19]. Overall, the DDAH/iNOS pathway is

pathologically upregulated in experimental and clinical

lung fibrosis, and PPIs inhibit this pathway [10].

Since esomeprazole is not a selective DDAH/iNOS in-

hibitor, we hypothesized that the drug may target other

key biological molecules to control lung inflammation

and fibrosis. Accordingly, we performed cellular and mo-

lecular studies to screen known mediators of lung in-

flammation and fibrosis to determine if they are targeted

by the drug, and whether the drug relies on these bio-

logical targets to control inflammatory and fibrotic

responses in normal and IPF-derived lung cells. To val-

idate our cell biological studies and identify gene net-

works, we performed bioinformatics analysis of the NIH

Library of Integrated Network-Based Cellular Signatures

(LINCS) database, which hosts gene expression profiles

of IPF lung fibroblasts treated with over 20,000 com-

pounds including esomeprazole. We also performed un-

biased high throughput RNA-seq studies to verify the

effect of esomeprazole on inflammation- and fibrosis-

related genes/pathways, and to identify novel targets.

Materials and methods
Cell culture

Primary human IPF lung fibroblasts were purchased

from Lonza (Walkersville, MD; cat # CC-7231) and cul-

tured in DMEM (ThermoFisher; Waltham, MA; cat #

11995065) supplemented with 10% FBS and 1%

Penicillin-Streptomycin (10,000 U/ml). Human primary

Bronchial/Tracheal Epithelial Cells were purchased from

Lonza (cat # CC-2541) and cultured in BEGM™ Bron-

chial Epithelial Cell Growth Medium BulletKit™ (Lonza;

cat # CC-3170). Human lung endothelial cells were also

purchased from Lonza (cat # CC-2527) and cultured in

EGM2-MV medium (Lonza; cat # CC-3202).

Induction of oxidative stress and pro-inflammatory

response by bleomycin

Lung epithelial cells (7 × 105 cells) were seeded in 25

cm2 flasks and incubated in a humidified 5% CO2 incu-

bator at 37 °C. Once the cells reached about 70% con-

fluency, they were induced with bleomycin (25 μg/ml

final concentration in 20 μL) or control (equal volume of

water), and cultured in 4 mL fully-supplemented media

in the absence or presence of different concentrations of

esomeprazole (1–100 μM) for 24 h. Subsequently, the

cells were harvested for gene and protein expression

studies as described below.

Induction of profibrotic response by TGFβ

Lung fibroblasts (7 × 105 cells) were seeded in 25 cm2

flasks and incubated at 37 °C/5%CO2. At about 70% con-

fluency, the conditioned media was replaced with fresh

DMEM and the cells were induced with recombinant

human transforming growth factor beta (TGFβ; Pepro-

tech; Rocky Hill, NJ; cat # 100–21) for 5 days at a final

concentration of 10 ng/ml in the absence or presence of
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various concentrations of esomeprazole (1–100 μM).

The culture medium was exchanged every 48 h with

fresh media containing TGFβ with or without esomepra-

zole. The expression of extracellular matrix (ECM) com-

ponents including collagen was assessed by quantitative

RT-PCR as described below.

Effect of esomeprazole on Nrf2/HO1 antioxidant pathway

Lung epithelial cells or fibroblasts were cultured as de-

scribed above. When the cells reached about 70% con-

fluency, they were treated with various concentrations of

esomeprazole (1–100 μM) for 6 to 24 h. Total RNA and

protein were isolated for gene and protein expression

studies, respectively. In some samples, nuclear and cyto-

plasmic proteins were separated for western blot studies

to evaluate translocation of the transcription factor nu-

clear factor-like 2 (Nrf2).

Pharmacological inhibition of HO1, Nrf2, ERK1/2, and

MEK1/2

To understand the dependence of esomeprazole on

heme oxygenase 1 (HO1) to control inflammatory and

fibrotic processes, as well as to elucidate key signaling

molecules involved in the process, we assessed HO1 and

its upstream signaling that includes Nrf2, extracellular

signal-regulated kinase 1/2 (ERK1/2) and MAP-ERK kin-

ase 1/2 (MEK1/2) [20, 21] in IPF lung fibroblasts. The

cells were cultured as described above and treated with

pharmacological inhibitors of HO1 (Tin protoporphyrin

IX; SnPPIX; Cayman Chemical; Ann Arbor, MI; cat #

16375; 1 μM final concentration), Nrf2 (Trigonelline;

United States Pharmacopeia; Rockville, MD; cat #

1686411; 10 μM final concentration), or MEK1/2

(U0126; Tocris Bioscience; Bristol, UK; cat # 1144;

10 μM final concentration) for 24 h. Quantitative RT-

PCR and western blot were used to assess the effect of

inhibiting these targets on the upregulation of HO1 by

esomeprazole. In some studies, the effect of esomepra-

zole on these targets including translocation of Nrf2 and

phosphorylation of ERK1/2 was assessed. In other stud-

ies, the effect of HO1 inhibition (by SnPPIX) on the

regulation of pro-inflammatory (TNFα, IL-1β and IL-6)

and profibrotic molecules (collagen types I, III and V) by

esomeprazole was assessed. To complement the pharma-

cological approach, lung fibroblasts were isolated from

Nrf2 knockout mice (8–10 weeks old), and the depend-

ence of esomeprazole on Nrf2 to activate HO1 was

assessed. To minimize age-dependent impairment of

HO1 expression in the Nrf2 knockout cells, early pas-

sage (below passage 5) fibroblasts were used.

Gene expression analysis

Total RNA was isolated from lung fibroblasts, epithelial

and endothelial cells using Direct-zol™ RNA MiniPrep

Kit (Zymo Research; Irvine, CA; cat # R2050). The qual-

ity and quantity of RNA was evaluated by NanoQuant

Plate™ using Tecan Spark 20M spectrophotometer. A

total of 1 μg RNA was reverse transcribed into cDNA

using the SuperScript™ VILO™ Master Mix (Thermo-

Fisher; cat # 11755) in a final reaction volume of 20 μl

following the manufacturer’s protocol. The resulting

cDNA was used for gene expression studies using Taq-

Man Gene Expression Assay (ThermoFisher; protocol #

4333458) and “best coverage” primers (ThermoFisher)

on a Bio-Rad CFX96 RT-PCR system (Bio-Rad;

Hercules, CA). Finally, the gene expression data was an-

alyzed using the CFX Maestro Software (Bio-Rad) and

fold changes in gene expression were calculated after

normalizing to β-actin (ACTB).

Western blot

Cytoplasmic and nuclear proteins were separated using

NE-PER™ Nuclear and Cytoplasmic Extraction Kit

(ThermoFisher; cat # 78833) following the manufac-

turer’s protocol. For the isolation of total cellular pro-

tein, cells were PBS-washed and lysed using cell lysis

buffer (10 mM Na2HPO4, 0.1% Triton-X100; pH 7.4)

containing 1x Halt™ Protease and Phosphatase Inhibitor

Cocktail (ThermoFisher; cat # 78440). Subsequently, the

cell lysate was vortexed for 1 min and incubated on ice

for 30 min prior to recovering the protein by centrifuga-

tion at 16000 x g for 15 min at 4 °C. The protein concen-

tration was determined spectrophotometrically, and

equal amounts of protein (30 μg) were separated on Bis-

Tris pre-cast SDS-PAGE mini-gel (ThermoFisher; cat #

NP0322). The gel was transferred to polyvinylidene

fluoride membrane using an iBlot™ 2 dry blotting system

(ThermoFisher). Non-fat milk (5%) in Tris-buffered sa-

line (TBS) containing 0.1% Tween-20 (TBST; pH 7.4)

was used to block the membrane by incubating for 1 h

at room temperature. Subsequently, the immunoblot

membranes were incubated overnight with target-

specific antibody including anti-HO1 (Enzo Life Sci-

ences, Inc.; Farmingdale, NY; cat # BML-HC3001; 1:

250), anti-Nrf2 (Abcam; Cambridge, MA; cat # ab62352;

1:250), anti-Keap1 (Abcam; cat # ab1194403; 1:1000),

anti-phosho-ERK1/2 (Cell Signaling Technology; Dan-

vers, MA; cat # 4370; 1:2000), and anti-phospho-MEK1/

2 (Santa Cruz Biotechnology; Santa Cruz, CA; cat # sc-

81,503; 1:200). For internal controls, anti-β-actin (Sigma;

St. Louis, MO; cat # A2066; 1:1500) was used as control

for cytoplasmic and total protein extracts, and anti-

histone H3 (Abcam; cat # ab1791; 1:1000) was used as

control for nuclear extracts. In some cases, total (phos-

phorylated plus unphosphorylated) protein was used as

control to compare phosphorylation status of the same

protein. Finally, the membranes were incubated for 1 h

at room temperature with HRP-conjugated goat anti-
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rabbit (GE Healthcare; Chicago, IL; cat # NA 934 V; 1:

5000), or goat anti-mouse (GE Healthcare; cat # NA 931

V; 1:5000) secondary antibody. Protein bands were visu-

alized using Amersham ECL Prime Western Blotting

Detection Reagent (Amersham Biosciences; Little Chal-

font, UK; cat # RPN2236) using a ChemiDoc XRS

imager system (Bio-Rad). Data was quantified using

NIH’s Image J software.

Immunofluorescence stain

Human lung epithelial cells were cultured in 6-well

plates until 70% confluency and incubated further in the

absence or presence of esomeprazole (1–100 μM) for 24

h. The cells were fixed with paraformaldehyde (4%) and

permeabilized with 0.1% triton-X100 for 15 min prior to

staining for HO1 using mouse anti-HO1 antibody (Ther-

moFisher; cat # MA1–112; 1:100). Secondary anti-mouse

antibody (Santa Cruz; SC-362277; 1:5000) was used to

detect signal. The cell membrane was stained with Alexa

Fluor 488-conjugated phalloidin (ThermoFisher; cat #

A12379; 1:400).

Computational analysis

IPF gene signature containing lung transcriptomic data-

set (GSE53845) [22] was queried against the LINCS

database (http://www.lincscloud.org/) that contains over

1 million gene-expression profiles of cells treated with

different small molecules, including esomeprazole [23].

The comparison was performed using The Connectivity

Map resource [24] that was developed to connect small

molecules, genes and diseases using gene-expression sig-

natures. Z-scored differential expressions were calcu-

lated for both upregulated and downregulated gene sets,

and a list of hits were ranked from highest to lowest on

the basis of their match strength. Functional enrichment

analysis of the inversely correlated gene sets between

IPF lungs and esomeprazole-treated cells from the LINC

S database was generated using ToppFun [25] and visu-

alized using Cytoscape software [26].

RNA-seq study

Total RNA was isolated from mouse lung fibroblasts

treated with TGFβ (10 ng/mL) in the absence or presence

of esomeprazole (100 μM) as described above, and integ-

rity of the RNA was verified using Bioanalyzer 2100 (Agi-

lent Technologies; Santa Clara, CA) at the Baylor College

of Medicine, Genomic and RNA Profiling Core. Subse-

quently, messenger RNA (mRNA) library was prepared at

Novogene Corporation (sacramento, CA) and subjected to

sequencing using NovaSeq 6000 PE150 sequencing plat-

form. Finally, the data was log-transformed, and clustered

using KEGG and GO Enrichment Analyses of differen-

tially expressed genes (DEGs). Statistical significance was

set at p value below 0.05 (p < 0.05) and, fold-change

threshold at 1.5.

Statistical analysis

Data are presented as mean value ± standard error mean

(SEM) from at least triplicate experiments. For the

RNA-seq studies, samples were run in duplicates for

comparison. Multiple groups were compared using one-

way analysis of variance (ANOVA) followed by Bonfer-

roni posttest. Comparison between two groups was per-

formed using student’s t-test (GraphPad Prism; La Jolla,

CA). Densitometric analysis of western blot data was

performed using Image J and compared for statistical

significance using ANOVA.

Results
Esomeprazole inhibits the DDAH/iNOS pathway

The DDAH/iNOS pathway is known to be involved in

aberrant lung remodeling including lung inflammation

and fibrosis. Genetic or pharmacological inhibition of

DDAH or iNOS has been shown to significantly attenu-

ate fibrosis and improve lung compliance [13, 16, 17]. In

this study, we found that the expression of both DDAH

and iNOS were significantly downregulated by esome-

prazole (Fig. 1). For example, the gene expression of

iNOS was increased by about 100-fold upon induction

with bleomycin, and treatment with esomeprazole de-

creased the induction in iNOS expression by about 25-

fold (Fig. 1).

Esomeprazole upregulates HO1 expression

The beneficial role of HO1 in lung homeostasis is well

recognized [27–31]. As a rate-limiting enzyme in the

breakdown of heme into three bioactive metabolites (i.e.,

carbon monoxide, bilirubin, and ferritin), HO1 is

regarded as a critical mediator of lung physiology. The

expression of HO1 was upregulated by esomeprazole in

a dose-dependent manner (Fig. 2). As expected, the

Western blot data showing induction of HO1 was repro-

duced by immunofluorescence (Fig. S1).

Esomeprazole translocates Nrf2 into the nucleus

Physiologically, Nrf2 is kept inactive by forming a com-

plex with Kelch ECH associating protein 1 (Keap1) in

the cytoplasm of mammalian cells [32]. As a cytoprotec-

tive response to oxidative and electrophilic stress, Nrf2

is dissociated from Keap1 and translocates to the nu-

cleus to activate antioxidant enzymes including HO1

and NADPH quinone oxidoreductase 1 (NQO1). In this

study, we found that treatment of IPF lung fibroblasts

with esomeprazole caused significant accumulation of

Nrf2 protein in the nuclei (Fig. 3). To support this find-

ing, we tested Nrf2 translocation in primary human lung

endothelial cells and found similar results (Fig. S2). In
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addition to HO1, we also found that the expression of

NQO1 was significantly and dose dependently upregu-

lated by esomeprazole (Fig. S3). However, it is unlikely

that the translocation of Nrf2 by esomeprazole is due to

direct inhibition of Keap1 expression since we did not

find changes in Keap1 protein expression (Fig. S4).

Esomeprazole activates MAPK via phosphorylation

The mitogen-activated protein kinase (MAPK) signaling

cascade includes MEK1/2 and ERK1/2; kinase enzymes

which activate several other proteins via phosphoryl-

ation. For example, the ERK signaling pathway, which

represents ubiquitously expressed protein kinases such

as ERK1 (44 kDa) and ERK2 (42 kDa), is involved in

intracellular signaling functions to influence diverse

biological processes including cell adhesion, prolifera-

tion, growth, and differentiation. Phosphorylation of

ERKs by MEK1/2 is necessary for activation of their kin-

ase enzymatic activity. Activated ERK1/2 regulates

phosphorylation of hundreds of regulatory molecules

and transcription factors including Nrf2 [33, 34]. In our

study, we found that treatment of IPF lung fibroblasts

with esomeprazole phosphorylated both ERK1/2 (Fig. 4a)

and MEK1/2 (Fig. 4b). This observation was also repro-

duced in lung epithelial (Fig. S5) and endothelial cells

(Fig. S6). As expected, there was no change in the ex-

pression of total ERK protein (Fig. S7).

Esomeprazole downregulates bleomycin-induced pro-

inflammatory molecules through the HO1 pathway

The inflammatory molecule tumor necrosis factor α

(TNFα) has been shown to activate latent TGFβ [35]

while overexpression of interleukin 1β (IL-1β) sustains

TGFβ expression and promotes lung fibrosis [36]. Here

we linked the dependence of esomeprazole on HO1 to

suppress TNFα and interleukins such as IL-1β and IL-6

(Fig. 5). As shown, the HO1 inhibitor SnPPIX attenuated

the anti-inflammatory effects of esomeprazole.

Esomeprazole downregulates TGFβ-induced collagen

expression and the effect is blunted by pharmacological

inhibition of the MAPK pathway

As major components of the ECM, several collagen

types (e.g., type I, III, V) are pathologically involved in

abnormal deposition of collagen and progression of lung

fibrosis. Here, we report that esomeprazole significantly

inhibits the expression of major collagen types and that

this inhibition is mediated by the MAPK/ERK signaling

(Fig. 6). As shown in the figure, pharmacological inhib-

ition of MEK1/2 abrogated the antifibrotic effect of

esomeprazole.

Inhibition of Nrf2 impairs esomeprazole-mediated HO1

activation

Activation of HO1 appears to be an important mechan-

ism by which esomeprazole exerts antioxidant, anti-

inflammatory and antifibrotic functions. In this study,

we investigated whether activation of HO1 by esomepra-

zole is dependent on the transcription factor Nrf2.

Pharmacological inhibition of Nrf2 with trigonelline

(Fig. 7a) or genetic deletion of Nrf2 (Fig. 7b) significantly

impaired the activation of HO1 by esomeprazole.

Inhibition of MEK1/2 impairs esomeprazole-mediated

HO1 activation

The activation of HO1 by esomeprazole appears to be

upstream of Nrf2/Keap1 towards the MAPK pathway.

Accordingly, in addition to the phosphorylation of

ERK1/2 by esomeprazole, pharmacological inhibition of

MEK1/2 significantly impaired esomeprazole-mediated

regulation of HO1 (Fig. 8).

Fig. 1 Gene expression analysis of dimethylarginine

dimethylaminohydrolase (DDAH), and inducible nitric oxide synthase

(iNOS) in bleomycin-exposed primary human lung epithelial cells

showing downregulation of both genes by esomeprazole. Data is

Mean ± SEM from triplicate experiments. *p < 0.05 in bleomycin and

esomeprazole co-treatment vs. bleomycin only treated cells
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Fig. 2 Western blot data showing increased expression of heme oxygenase 1 (HO1) protein by esomeprazole in human IPF lung fibroblasts. The cells

were treated with esomeprazole (1–100 μM) for 24 h prior to isolation of total protein. Data is representative of three independent experiments. Beta

actin (ACTB) is used as a loading control. Cont = control. *p < 0.05 vs control (cont)

Fig. 3 Western blot data showing nuclear translocation of nuclear factor-like 2 (Nrf2) in human IPF lung fibroblasts. The cells were treated with

esomeprazole (5–100 μM) for 6 h prior to isolation of nuclear protein. Data is representative of three independent experiments. Histone H3 is used

as a loading control. *p < 0.05 vs control
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Fig. 4 Western blot data showing phosphorylation of ERK1/2 (pERK1/2), and MEK1/2 (pMEK1/2) in human IPF lung fibroblasts treated with various

concentrations of esomeprazole (1–100 μM). Data is representative of at least three independent experiments. Beta actin (ACTB) is used as

loading control. Densitometric quantification of the protein bands relative to ACTB is shown in the lower panel. *p < 0.05 vs control

Fig. 5 Quantitative RT-PCR (qRT-PCR) data showing upregulation of pro-inflammatory molecules TNFα, IL-1β and IL-6 in primary human lung

epithelial cells treated with bleomycin for 24 h. The data also shows that treatment with esomeprazole significantly downregulated induction of

the inflammatory molecules while inhibition of heme oxygenase 1 (HO1) with its selective inhibitor Tin protoporphyrin IX (SnPPIX; 1 μM) impaired

the effect of esomeprazole on the expression of the inflammatory molecules. Data is Mean ± SEM from triplicate experiments. *p < 0.05 between

bleomycin only vs. bleomycin + esomeprazole. **p < 0.05 between bleomycin + esomeprazole vs. bleomycin + esomeprazole + SnPPIX
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Esomeprazole favorably regulates several myofibroblast-

and lung development- related genes

Given that several retrospective clinical studies reported

beneficial outcomes associated with the use of PPIs in

IPF, we sought to gain mechanistic understanding of

processes by which PPIs regulate lung remodeling. Ac-

cordingly, we queried the NIH’s Library of Integrated

Network-Based Cellular Signatures (LINCS) [23] which

hosts gene expression profiles of over 20,000 compounds

including some of the most common drugs such as

esomeprazole. Intriguingly, we found 45 genes that are

significantly upregulated in IPF [22] but downregulated

by esomeprazole (Fig. 9 and Table S1). These genes are

enriched for profibrotic processes including ECM pro-

teins such as collagen and matrix metalloproteinases

(MMPs). We also found 34 lung development related

genes that are downregulated in IPF but significantly up-

regulated by esomeprazole (Fig. 9 and Table S1). Inter-

estingly, functional enrichment analysis using ToppFun

application of the ToppGene Suite [25] showed that

esomeprazole suppressed ECM, collagen metabolism

and myofibroblast activation while favorably regulating

genes involved in lung development, angiogenesis and

wound healing (Fig. 10 and Table S1). Strikingly, RNA-

seq data independently corroborated the effect of

esomeprazole on ECM-related pathways including

downregulation of several collagen types and other

extracellular matrix components (Fig. 11, Fig. S8, and

Table S2). By contrast, several lung development and

wound healing related genes, including heme oxygenase

1, were upregulated by esomeprazole (Table S3).

Discussion
Esomeprazole is a pleiotropic molecule: activation of HO1

in lung cells

Mounting evidence indicates that PPIs possess biological

activities that extend beyond suppression of gastric acid-

ity into antioxidant, anti-inflammatory and antifibrotic

properties [37–41]. The antioxidant property of PPIs is

reported to be due to direct scavenging of reactive oxy-

gen species (ROS), restoration of detoxifying enzymes

such as glutathione (GSH) and HO1 [37, 39, 41–43]. As

a rate-limiting enzyme in the breakdown of heme into

carbon monoxide (CO), bilirubin and ferritin, HO1 plays

important role in the pathobiology of lung diseases in-

cluding pulmonary fibrosis. For example, CO possesses

multiple biological functions including antioxidant, anti-

inflammatory and bronchodilator [31, 44], and ferritin

acts as an antioxidant by sequestering free iron and sup-

pressing iron-dependent redox reaction [31]. Bilirubin is

Fig. 6 Gene expression data showing upregulation of profibrotic molecules collage I (col I), collagen III (col III), and collagen V (col V) in human IPF

lung fibroblasts treated with TGFβ (10 ng/mL) for 5 days. The data also shows that treatment with the proton pump inhibitor (PPI) esomeprazole

significantly downregulated induction of the fibrotic molecules while inhibition of MAP-ERK kinase 1/2 (MEK1/2) with U0126 impaired the effect of

esomeprazole on all the profibrotic molecules. Data is Mean ± SEM from triplicate experiments. *p < 0.05 between TGFβ only vs. TGFβ + esomeprazole.

**p < 0.05 between TGFβ + esomeprazole vs. TGFβ + esomeprazole + U0126

Ebrahimpour et al. Journal of Inflammation           (2021) 18:17 Page 8 of 14



a cytoprotective molecule that has been shown to at-

tenuate experimental lung fibrosis [45]. HO1 itself, when

overexpressed, plays protective role in animal models of

lung fibrosis [31, 46]. By contrast, levels of HO1 have

been found to be reduced in alveolar macrophages iso-

lated from IPF patients and in areas of active fibrosis

[47, 48]. Intriguingly, our study shows that a classic PPI,

esomeprazole, significantly and dose dependently upre-

gulates the expression of HO1 (Fig. 2). The upregulation

of HO1 appears to involve nuclear translocation of Nrf2

(Figs. 3 and 7) and phosphorylation of MAPK family

members (Fig. 4). Among several possibilities, dissoci-

ation of Nrf2 from Keap1 may be triggered by kinases

that are upstream of the transcription factor including

activated (i.e. phosphorylated) ERK1/2 and MEK1/2 [33,

34] (Fig. 12). Follow up studies should interrogate signal-

ing cascades that are upstream of ERK and MEK includ-

ing Raf, Ras and tyrosine receptor kinases. Intriguingly,

pharmacological inhibition or genetic deletion of Nrf2

significantly impaired HO1 activation (Fig. 7) suggesting

that activation of HO1 by esomeprazole is Nrf2-

dependent. Our data also shows that the anti-

Fig. 7 a Gene expression data showing upregulation of heme oxygenase 1 (HO1) by esomeprazole (100 μM) in human IPF lung fibroblasts. The

data also shows that selective inhibition of nuclear factor-like 2 (Nrf2) with trigonelline (1 μM) impaired the induction of HO1 by esomeprazole.

*p < 0.05 compared to esomeprazole alone. b Genetic deletion of Nrf2 (Nrf2−/−) impaired activation of HO1 by esomeprazole. Lung fibroblasts

from Nrf2−/− mice were incubated with esomeprazole for 1–6 h. ACTB is used as a loading control. Crtl = control. Data is representative of three

independent experiments

Fig. 8 Gene expression data showing upregulation of heme

oxygenase 1 (HO1) by esomeprazole (100 μM) in human IPF lung

fibroblasts. The data also shows that selective inhibition of MAP-ERK

kinase 1/2 (MEK1/2) with U0126 (10 μM) impaired the induction of

HO1 by esomeprazole. Data is Mean ± SEM from duplicate

experiments. *p < 0.05 compared to esomeprazole alone
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inflammatory action of esomeprazole is mediated by

HO1 (Fig. 5), and selective inhibition of HO1 impairs

esomeprazole’s effect on key inflammatory molecules. In

addition, the effect of esomeprazole on the DDAH/iNOS

pathway may contribute to its overall anti-inflammatory

effect (Fig. 1).

MAPK signaling pathway is involved in antifibrotic action

of esomeprazole

In addition to the dependence of esomeprazole on the

HO1 pathway to regulate processes involved in lung in-

flammation, the compound appears to depend on the

MAPK signaling pathway to control TGFβ-induced ex-

pression of collagen (Fig. 6). In addition to impairing

esomeprazole-mediated HO1 activation (Fig. 8), selective

inhibition of MEK with U0126 appears to reduce TGFβ-

induced expression of collagen compared to TGFβ only

control (Fig. 6). This is consistent with an earlier report

that demonstrated antifibrotic effect of MEK inhibition in

experimental lung fibrosis [49]. Taken together, the activa-

tion of HO1 through phosphorylation of ERK/MEK and

nuclear translocation of Nrf2, as well as inhibition of the

pro-inflammatory and profibrotic DDAH/iNOS pathway

contributes to the overall anti-inflammatory and antifibro-

tic properties of esomeprazole.

Esomeprazole favorably regulates a network of genes

involved in lung fibrosis

Consistent with our cell culture data, our bioinformatics

analysis and RNA-seq studies comparing differentially

expressed genes with the transcriptome of the PPI

esomeprazole indicate that the antifibrotic action of

esomeprazole may broadly involve suppression of ECM

components including several types of collagen (e.g. colla-

gen I, III, V) (Fig. 9 and Table S1). In fact, the RNA-seq

study revealed that esomeprazole significantly downregu-

lated over 800 extracellular matrix-related genes including

collagens (Fig. 11, Fig. S8 and Table S2). The various colla-

gen types that are upregulated in IPF fibroblasts (e.g.

Fig. 9 Venn diagram showing the comparison and overlap of

differentially expressed genes in control and esomeprazole treated

IPF lung fibroblasts from the Library of Integrated Network-Based

Cellular Signatures (LINCS) database. The data shows that there are

2879 genes that are differentially expressed in the IPF cells and of

which 141 genes overlap with differentially expressed genes

following esomeprazole treatment. The boxed numbers indicate

differentially expressed genes in IPF that are upregulated (34) or

downregulated (45) following esomeprazole treatment

Fig. 10 Gene networks that are activated in IPF lung fibroblasts were analyzed using ToppFun functional enrichment analysis and visualized using

Cytoscape software platform. Orange colored circles represent genes that are upregulated in IPF lung fibroblasts and downregulated by esomeprazole

while the purple-colored circles represent genes that are downregulated in IPF lung fibroblasts but upregulated by esomeprazole. The blue-colored

squares represent enriched biological processes for the inversely correlated genes between control and esomeprazole treatment
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Figure 9) are expected to contribute to the abnormal accu-

mulation of ECM proteins. Notably, other genes that are

upregulated in IPF but found to be downregulated by

esomeprazole include uncoupling protein 2 (UCP2),

growth factors (e.g., FGF18), matrix metalloproteinases

(e.g., MMP11, MMP13), Wilms’ Tumor 1 (WT1) and

TWIST1 (Fig. 10 and Table S1). These proteins are known

to play profibrotic role through increased ECM depos-

ition, reduced collagen metabolism and/or transdifferen-

tiation of fibroblasts into collagen-synthesizing

myofibroblasts. For example, UCP2 is significantly in-

duced by TGFβ and plays profibrotic role [50]. The role of

Fig. 12 Signal transduction involving growth factors, receptor tyrosine kinases and members of the MAP kinase family. Esomeprazole-mediated

activation of heme oxygenase 1 (HO1) involving phosphorylation of MEK, ERK and translocation of Nrf2 to control pro-inflammatory and

profibrotic processes is illustrated

Fig. 11 RNA-sequencing (RNA-seq) data showing significantly downregulated pathways by esomeprazole in TGFβ (10 ng/mL) stimulated mouse

lung fibroblasts. The data was analyzed for statistical significance and clustered using GO Enrichment Analysis of differentially expressed genes

(DEGs). Several collagen-related genes (the number of genes are shown in brackets) are downregulated by esomeprazole, and the pathways are

shown in boxes. *p < 0.05 compared to TGFβ only control. Experiment was run in duplicate for each condition
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WT1 and TWIST1 as profibrotic molecules is also well

established [51–53]. By contrast, esomeprazole upregu-

lated several lung development- and wound healing- re-

lated genes that are found to be downregulated in the

control IPF lung fibroblasts (Fig. 10). For example, upreg-

ulation of Nbeal2 is expected to suppress myofibroblast

infiltration and accelerate normal wound healing [54].

Conclusions
In conclusion, PPIs in general and esomeprazole in par-

ticular may provide beneficial effect in IPF through up-

regulation of antioxidant, anti-inflammatory and

antifibrotic molecules, as well as suppression of ECM

proteins that are involved in collagen metabolism and

myofibroblast activation. Given the premises of our data

and the conditional recommendation of PPIs for the

treatment of IPF [12], randomized controlled clinical tri-

als evaluating the efficacy of PPIs for the treatment of

IPF are warranted. However, such studies need to be de-

signed with the intent to treat fibrosis and not gastric re-

flux per se. Accordingly, the dose of esomeprazole and

other PPIs need to be adjusted to achieve plasma con-

centration of 50–100 μM in order to reliably regulate

processes involved in lung remodeling. The standard

antacid doses of PPIs only achieve plasma drug concen-

trations of 10–20 μM [55, 56]. However, higher doses of

PPIs that can achieve antifibrotic concentrations can

safely be administered to patients [57]. Limitations of

the study include the use of bleomycin and TGFβ to in-

duce pro-inflammatory and profibrotic processes to

understand an “idiopathic” disease. Nevertheless, there is

no perfect model to study IPF at preclinical level and

these stimuli are often used to study the disease process

in vitro and in animal models.

Supplementary Information
The online version contains supplementary material available at https://doi.

org/10.1186/s12950-021-00284-6.

Additional file 1: Table S1. Comparison and overlap of differentially

expressed genes in control and esomeprazole treated IPF lung fibroblasts

from the Library of Integrated Network-Based Cellular Signatures (LINCS)

database. The data shows that there are 2879 genes that are differentially

expressed in the IPF cells and of which 141 genes overlap with differen-

tially expressed genes following esomeprazole treatment. In the first tab

of the spreadsheet, the 45 esomeprazole downregulated genes are indi-

cated in blue and the 34 esomeprazole upregulated genes are shown in

orange.

Additional file 2: Table S2. RNA-sequencing (RNA-seq) data comparing

differential gene expression in mouse lung fibroblasts stimulated with the

profibrotic cytokine TGFβ (control; 10 ng/mL) or treated with TGFβ (10

ng/mL) and esomeprazole (100 μM). The fold-change, gene symbol, and

description of the significantly downregulated genes (p < 0.05) is shown.

Experiment was run in duplicate for each condition.

Additional file 3: Table S3. RNA-sequencing (RNA-seq) data comparing

differential gene expression in mouse lung fibroblasts stimulated with the

profibrotic cytokine TGFβ (control; 10 ng/mL) or treated with TGFβ (10

ng/mL) and esomeprazole (100 μM). The fold-change, gene symbol, and

description of the significantly upregulated genes (p < 0.05) is shown. Ex-

periment was run in duplicate for each condition.

Additional file 4: Figure S1. Immunofluorescence data showing

increased expression of heme oxygenase 1 (HO1) protein by

esomeprazole in primary human lung epithelial cells. The cells were

treated with various concentrations of esomeprazole for 24 hours (1-100

μM) prior to staining with mouse anti-HO1 antibody (shown in red). The

cell membrane was stained with Alexa Fluor 488-conjugated phalloidin

and is shown in green. Figure S2. Western blot data showing nuclear

translocation of nuclear factor-like 2 (Nrf2) in human lung endothelial

cells. The cells were treated for 24 hours with esomeprazole (1-100 μM)

or vehicle control (water) prior to isolation of nuclear protein. Data is rep-

resentative of five independent experiments. Histone H3 is used as a

loading control. Densitometric quantification of the protein bands relative

to the housekeeping control protein histone H3 is shown in the lower

panel. Figure S3. Quantitative RT-PCR (qRT-PCR) data showing dose-

dependent upregulation of NADPH quinone oxidoreductase 1 (NQO1) by

esomeprazole in human IPF lung fibroblasts. The cells were treated with

various concentrations of esomeprazole for 6 hours prior to isolation of

RNA for qRT-PCR. Data is Mean ± SEM from triplicate experiments. *p<

0.05 compared to control. Figure S4. Western blot data showing no

change in the protein expression of Kelch ECH associating protein 1

(Keap1) by esomeprazole in human lung epithelial cells. The cells were

treated for 24 hours with various concentrations of esomeprazole (1-100

μM) or vehicle control prior to isolation of total protein. Data is represen-

tative of three independent experiments. Beta actin (ACTB) is used as a

loading control. Densitometric quantification of the protein bands relative

to ACTB is shown in the lower panel. Figure S5. Western blot data

showing phosphorylation of ERK1 and ERK2 in human lung epithelial cells

treated with vehicle control or various concentrations of esomeprazole

(1-100 μM) for 24 hours. Data is representative of four independent ex-

periments. Beta actin (ACTB) is used as a loading control. Densitometric

quantification of the protein bands relative to ACTB is shown in the lower

panel. Figure S6. Western blot data showing phosphorylation of ERK1

and ERK2 (pERK1/2) in human lung endothelial cells treated with vehicle

control or various concentrations of esomeprazole (1-100 μM) for 24

hours. Data is representative of at least three independent experiments.

Beta actin (ACTB) is used as a loading control. Densitometric quantifica-

tion of the protein bands relative to ACTB is shown in the lower panel.

Figure S7. Western blot data showing no change in the expression of

total extracellular signal-regulated kinase 1/2 (ERK1/2) upon treatment of

human IPF lung fibroblasts with vehicle control or esomeprazole (100

μM) for up to 2 hours. Data is representative of three independent experi-

ments. Beta actin (ACTB) is used as a loading control. Densitometric

quantification of the protein bands relative to ACTB is shown in the lower

panel. Figure S8. Volcano plot of RNA-seq data from mouse lung fibro-

blasts stimulated with the profibrotic cytokine TGFβ (control; 10 ng/mL)

or treated with TGFβ (10 ng/mL) and esomeprazole (100 μM). The plot

shows the total number of significantly upregulated (1876; red) and

downregulated (2035; green) genes by esomeprazole. The total number

of unchanged genes (17,114) is shown in blue.
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