
pharmaceuticals

Article

Elucidation of the Molecular Pathways Involved in the
Protective Effects of AUY-922 in LPS-Induced Inflammation in
Mouse Lungs

Mohammad S. Akhter † , Mohammad A. Uddin †, Khadeja-Tul Kubra and Nektarios Barabutis *

����������
�������

Citation: Akhter, M.S.; Uddin, M.A.;

Kubra, K.-T.; Barabutis, N.

Elucidation of the Molecular

Pathways Involved in the Protective

Effects of AUY-922 in LPS-Induced

Inflammation in Mouse Lungs.

Pharmaceuticals 2021, 14, 522.

https://doi.org/10.3390/ph14060522

Academic Editors: Giorgio Cozza and

Félix Carvalho

Received: 30 April 2021

Accepted: 26 May 2021

Published: 29 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

School of Basic Pharmaceutical and Toxicological Sciences, College of Pharmacy, University of Louisiana Monroe,
Monroe, LA 71201, USA; akhterms@warhawks.ulm.edu (M.S.A.); uddinma@warhawks.ulm.edu (M.A.U.);
kubrak@warhawks.ulm.edu (K.-T.K.)
* Correspondence: barabutis@ulm.edu; Tel.: +1-318-342-1460
† These authors contributed equally to this work.

Abstract: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) cause thousands
of deaths every year and are associated with high mortality rates (~40%) due to the lack of efficient
therapies. Understanding the molecular mechanisms associated with those diseases will most
probably lead to novel therapeutics. In the present study, we investigated the effects of the Hsp90
inhibitor AUY-922 in the major inflammatory pathways of mouse lungs. Mice were treated with LPS
(1.6 mg/kg) via intratracheal instillation for 24 h and were then post-treated intraperitoneally with
AUY-922 (10 mg/kg). The animals were examined 48 h after AUY-922 injection. LPS activated the
TLR4-mediated signaling pathways, which in turn induced the release of different inflammatory
cytokines and chemokines. AUY-922 suppressed the LPS-induced inflammation by inhibiting major
pro-inflammatory pathways (e.g., JAK2/STAT3, MAPKs), and downregulated the IL-1β, IL-6, MCP-1
and TNFα. The expression levels of the redox regulator APE1/Ref1, as well as the DNA-damage
inducible kinases ATM and ATR, were also increased after LPS treatment. Those effects were
counteracted by AUY-922. Interestingly, this Hsp90 inhibitor abolished the LPS-induced pIRE1α
suppression, a major component of the unfolded protein response. Our study elucidates the molecular
pathways involved in the progression of murine inflammation and supports our efforts on the
development of new therapeutics against lung inflammatory diseases and sepsis.

Keywords: acute lung injury; acute respiratory distress syndrome; Hsp90 inhibitor; P53; unfolded
protein response

1. Introduction

Human lungs encounter different atmospheric insults, as well as toxic molecules
circulating in the blood. Lung injury can be direct (pulmonary or primary) or indirect
(extrapulmonary or secondary). Direct lung injury causes local damage to the lung epithe-
lium, while indirect injury results in damage to the lung endothelium [1]. Both direct and
indirect lung injuries trigger inflammation in lung epithelial and endothelial cells, leading
to acute lung injury (ALI) and acute respiratory distress syndrome (ARDS).

The pulmonary vasculature is a mono-layered, non-fenestrated endothelial cell lining,
which selectively permits the transport of fluids and solutes between the vasculature and
the interstitium. The intercellular interactions among endothelial cells through tight and
adherens junctions dictate the integrity of the vascular barrier. The epithelium layer forms
a very tight barrier, which prohibits the transfer of small molecules to the alveolar space but
allows the oxygen and carbon dioxide exchange [2]. In normal physiological conditions,
both the alveolar type I and II cells drain out excess fluids from the alveolar airspace to the
interstitium through apical sodium channels and basolateral Na+/K+-ATPase. The excess
interstitial fluid is cleared by the lung lymphatics and microcirculation. However, the
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alveolar fluid clearance (AFC) is impaired by hypoxia, hypercapnia, elevated lung vascular
pressure, pathogens (e.g., influenza), as well as several cytokines including interleukin 1-β
(IL-1β), interleukin-8 (IL-8) and transforming growth factor-β (TGF-β) [3].

ARDS is a syndrome of acute respiratory failure associated with arterial hypoxemia
and dyspnea. Increased endothelial permeability is the hallmark of ARDS. Lung endothe-
lial cells are key regulators of inflammatory responses. Pathogens, bacterial toxins (e.g.,
lipopolysaccharides) and sepsis activate the lung endothelial cells. Those activated cells
increase the expression of the leukocyte adhesion molecules including intracellular adhe-
sion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and E-selectin [4].
Those events result in the accumulation of neutrophil-platelet aggregates in the lung mi-
crovessels. Neutrophils and platelets are involved in the regulation of the lung vascular
hyper-permeability.

Reactive oxygen species (ROS), reactive nitrogen species (RNS), tumor necrosis factor
(TNF), IL-1β, IL-8, angiopoietin 2, platelet-activating factor (PAF) and monocyte chemoat-
tractant protein-1 (MCP-1) contribute to the endothelial barrier dysfunction. Hence, pro-
teinous fluid, neutrophils and erythrocytes enter the alveolar interstitium, causing edema.
In addition, the AFC mechanism of the lung epithelium is severely compromised due to
inflammation-associated epithelial cell damage. The rate of pulmonary edema resolution is
markedly impaired in ARDS patients. Inflammation exerts a critical role in the pathogen-
esis of different lung diseases including chronic obstructive pulmonary disease (COPD),
asthma, pneumonia, idiopathic pulmonary fibrosis (IPF) [5] and bronchitis.

The unfolded protein response (UPR) is a highly conserved endoplasmic reticulum
(ER) surveillance mechanism that ensures the integrity of the folded proteins and regulates
the protein folding capacity of the ER. A diverse variety of physiological conditions (e.g.,
cancer, immunological disorders, neurodegenerative diseases, pathogens) challenge the
ER homeostasis, causing the accumulation of misfolded or unfolded proteins in the ER
lumen. When the levels of these misfolded or unfolded proteins surpass a certain threshold,
it triggers the activation of UPR. This evolutionary signal transduction pathway (UPR)
restricts gene transcription and mRNA translation. It also activates the ER-associated
protein degradation (ERAD) pathway to reduce the burden of unfolded or misfolded
proteins in the ER lumen. Three transmembrane protein receptors, namely protein kinase
RNA like ER kinase (PERK), activating transcription factor 6 (ATF6) and inositol-requiring
enzyme 1 (IRE1), comprise UPR and sense the status of the misfolded or unfolded proteins.
Those sensors transmit the information to the nucleus and cytosol to adjust the protein
folding capacity of the ER or, in severe conditions, to induce cell death.

UPR is associated with autophagy [6,7], cell cycle progression, cellular secretion [7]
and inflammation [8,9]. Recent data suggest that a mild induction of UPR has protective
effects against inflammation-induced lung endothelial barrier dysfunctions [10]. The
UPR suppressor Kifunensine induces the permeability of both human and bovine lung
endothelial cells and increases the activation of myosin light chain 2 (MLC2) and cofilin [11].
It was recently revealed that UPR mediates the barrier-enhancing effects of the growth
hormone-releasing hormone (GHRH) antagonists [12–14].

Heat shock protein 90 (Hsp90) is a molecular chaperone responsible for the fold-
ing and maturation of a plethora of proteins, including steroid hormone receptors and
kinases [15]. It is associated with cancer progression, multidrug resistance and metasta-
sis. Therefore, different Hsp90 inhibitors have been developed to treat malignancies [16].
Hsp90 inhibitors suppress the tyrosine phosphorylation of Hsp90 in vivo and in vitro [17].
That molecular chaperone is also associated with the stability of many kinases of the MAPK
family including three major families—extracellular signal regulated kinases (ERKs), c-Jun
NH2-terminal kinases (JNKs) and p38/ SAPKs (stress-activated protein kinases). Those
kinases are involved in various cellular processes such as inflammation, cell proliferation,
stress response, survival and migration. The inhibition of Hsp90 by geldanamycin and
AUY-922 significantly downregulates MAPKs and their upstream components in cancer
cells [18,19]. Those compounds suppress the inflammatory pathway JAK2/STAT3 [20]
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since JAK2 is an Hsp90 client protein [21]. AUY-922 was shown to suppress the redox
regulator APE1/Ref1 through the induction of P53 and to support lung endothelial barrier
function [22]. AUY-922, 17-AAG and 17-DMAG activate the UPR sensors ATF6, IRE1α and
PERK. These events occur in both bovine and human lung endothelial cells, as well as in
mice [23,24].

The nuclear factor-κB (NF-κB) is a key transcription factor, required for the induction
of a large number of inflammatory genes, including those encoding for IL-1β, IL-6, IL-12p40,
TNF-α, MCP-1 and cyclooxygenase-2 [25]. Hsp90 inhibitors suppress the NF-κB-mediated
transcription, and therefore, inhibit the RNA expression of different inflammatory markers
including IL-1β, IL-6, TNF-α and MCP-1. In lung endothelial cells, type 2 sirtuin (Sirt-2)
binds to the NF- κB target gene promoter to block the recruitment and transcription of
NF-κB. During inflammatory events, Sirt-2 dissociates from the promoter region which
facilitates the NF-κB—targeted gene transcription. 17-AAG stabilizes the Sirt-2/promoter
interaction and inhibits the NF-κB-associated gene transcription [26]. Other studies have
reported that Hsp90 inhibitors cause the dissociation of the inhibitor of IκB kinase (IKK)
complex, which results in NF-κB deactivation. AUY-922, geldanamycin, 17-AAG, 17-
DMAG and PU-H71 have previously prevented the nuclear translocation of NF-κB [27].
The current study investigates the effects of AUY-922 in major inflammatory pathways and
the UPR sensor IRE1α in a murine model of ALI.

2. Results
2.1. AUY-922 Inhibits the Activation of ERK1/2 Pathway by LPS

ERK1/2 is a member of the MAPK family, and it is activated through phosphorylation.
Activation of ERK1/2 promotes the IL-1β -mediated pro-inflammatory IL-6 expression [28]
and has been involved in chronic states of inflammation. Animals treated with LPS
(1.6 mg/kg) for 24 h showed an elevation of the phosphorylated ERK1/2 expression levels
in lung tissues as compared to the vehicle-treated mice. However, this activation was
significantly decreased after AUY-922 treatment for 48 h (10 mg/kg). Mice treated with
AUY-922 exerted a significant suppression of the ERK1/2 phosphorylation compared to
the control group. The results are demonstrated in Figure 1A.

2.2. AUY-922 Counteracts the LPS-Induced Phosphorylation of the P38 MAPK Pathway

P38 kinases are activated in macrophages and endothelial cells by LPS and
TNFα [29–31]. The phosphorylation of P38 MAPK causes its activation. Our results
demonstrate that LPS treatment for 24 h at the dose of 1.6 mg/kg induced the phospho-
rylation or activation of the P38 MAPK pathway in the mouse lungs. Conversely, the
AUY-922 (10 mg/kg)—treated mice exhibited a reduced activation of P38 compared to
the LPS-treated mice. Mice treated with LPS for 24 h and post-treated with AUY-922 for
48 h exerted lower levels of phosphorylated P38 MAPK. That indicates the protective
effects of AUY-922 against LPS-induced P38 MAPK activation. The results appear in
Figure 1B.

2.3. AUY-922 Suppresses the LPS-Induced Activation of JAK2/STAT3 Pathway

The JAK2/STAT3 signaling pathway is involved in various biological processes in-
cluding inflammation. The phosphorylation of STAT3 at Tyr705 and Ser727 is mediated by
the receptor-associated tyrosine kinase JAK2, and both molecules are dephosphorylated by
AUY-922 [32]. Our results (Figure 1C,D) suggest that the pro-inflammatory JAK2/STAT3
pathway was activated due to LPS treatment in the mouse lungs. Those effects were
significantly suppressed in mice post-treated with AUY-922 for 48 h. The AUY-922-treated
group that was not exposed to LPS showed a decrease in the activation of the JAK2/STAT3
pathway, as compared to the control and LPS-treated groups. Our results demonstrate that
phospho (p)-JAK2 (Figure 1C) and phospho (p)-STAT3 (Figure 1D) levels were increased in
the LPS-treated mice as compared to the vehicle (saline)-treated mice. The Hsp90 inhibitor
opposed those events.
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sion of IL-1β (Figure 2A), IL-6 (Figure 2B), TNF-α (Figure 2D) and chemokine MCP-1 (Fig-
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Figure 1. Effects of LPS and AUY-922 on pERK1/2, pP38, pJAK2 and pSTAT3 expression in mouse lungs. Western blot
analysis of phosphorylated ERK1/2 (pERK1/2) and ERK1/2 (A), phosphorylated P38 (pP38) and P38 (B), phosphorylated
JAK2 (pJAK2) and JAK2 (C), phosphorylated STAT3 (pSTAT3) and STAT3 (D) expression in lungs retrieved from mice
72 h after intratracheal injection of either vehicle (saline) or LPS (1.6 mg/kg) and post-treated (24 h after LPS) with an
intraperitoneal injection of either AUY-922 (10 mg/kg each, dissolved in 10% DMSO) or vehicle (10% DMSO in saline).
The signal intensity of protein bands was analyzed by densitometry. Protein levels of pERK1/2, pP38, pJAK2 and pSTAT3
were normalized to ERK1/2, P38, JAK2 and STAT3, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle (VEH) and
$ p < 0.05, $$ p < 0.01, $$$ p < 0.001 vs. LPS, n = 3 animals per group. Means ± SEM.—indicates the absence, and + indicates
the presence of the corresponding reagent in the treatments.

2.4. AUY-922 Counteracts the LPS-Induced IL-1β, IL-6, MCP-1 and TNF-α Expression

Cytokines and chemokines promote inflammation. The wild type C57BL/6 mice
were subjected to LPS treatment for 24 h at the dose of 1.6 mg/kg, followed by post-
treatment with AUY-922 (10 mg/kg) for 48 h. Our results demonstrate that LPS induced
the expression of IL-1β (Figure 2A), IL-6 (Figure 2B), TNF-α (Figure 2D) and chemokine
MCP-1 (Figure 2C) in the lungs. On the other hand, AUY-922 treatment significantly
inhibited the LPS-induced expression of those cytokines and chemokines. Moreover, in
the group of mice treated with AUY-922 (no LPS treatment), the expression levels of IL-1β
were significantly reduced as compared to the control group.
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Figure 2. Effects of LPS and AUY-922 on IL-1β, IL6, MCP-1, TNFα and APE1/Ref1 expression in mouse lungs. Western blot
analysis of IL-1β and β-actin (A), IL6 and β-actin (B), MCP-1 and β-actin (C), TNFα and β-actin (D), APE1/Ref1 and β-actin
(E) expression in lungs retrieved from mice 72 h after intratracheal injection of either vehicle (saline) or LPS (1.6 mg/kg) and
post-treated (24 h after LPS) with an intraperitoneal injection of either AUY-922 (10 mg/kg each, dissolved in 10% DMSO)
or vehicle (10% DMSO in saline). The signal intensity of protein bands was analyzed by densitometry. Protein levels were
normalized to β-actin. * p < 0.05, ** p < 0.01 vs. vehicle (VEH) and $ p < 0.05, $$ p < 0.01 vs. LPS, n = 3 animals per group.
Means ± SEM.—indicates the absence, and + indicates the presence of the corresponding reagent in the treatments.

2.5. LPS Induces the Expression Levels of APE1/Ref1 and AUY-922 Exerts the Opposite Effects

Apurinic/apyrimidinic endonuclease 1/ redox effector factor 1 (APE1/Ref1) is the
upstream effector of vascular endothelial growth factor (VEGF), and it is strongly involved
in the pathogenesis of various inflammatory diseases. This transcription factor regulates
the expression of different immune responses and inflammatory mediators, including NF-
kB, via a redox-based mechanism [33]. Mice treated with LPS for 24 h showed an increased
level of APE1/Ref1 expression in the lungs. That effect may be due to the upregulation of
oxidative stress and other inflammatory mediators by LPS. The induction of APE1/Ref1
by LPS was 1.7-fold higher than the control group. However, treatment with AUY-922
(10 mg/kg) for 48 h significantly suppressed the protein expression of APE1/Ref1. AUY-922
significantly counteracted the APE1/Ref1 levels in the LPS-treated mice (Figure 2E).

2.6. AUY-922 Suppresses the Levels of the LPS-Induced ATR Phosphorylation

Our previous observations revealed that the anti-inflammatory and barrier-enhancing
effects of Hsp90 inhibitors are associated with the induction of P53. Several studies reported
the degradation of P53 due to its phosphorylation [34]. This protein is also the downstream
target of DNA-damage inducible kinases ATM and ATR. ATR phosphorylation activates
different cell cycle checkpoint kinases. The expression levels of phosphorylated ATR in
the LPS-treated mice group is 2.1-fold higher compared to its littermate control group.
Those levels were significantly reduced after treatment with AUY-922 for 48 h. AUY-922
substantially suppressed the ATR phosphorylation. The results appear in Figure 3A.



Pharmaceuticals 2021, 14, 522 6 of 14

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 6 of 14 
 

 

2.7. AUY-922 Reduces the Expression Levels of the Phosphorylated ATM 
DNA damage activates ATM kinases [35]. Phosphorylation of ATM induces its activ-

ity, which in turn phosphorylates MDM2. The LPS-treated mice exhibited higher levels 
(1.8-fold) of phosphorylated ATM in their lungs. However, treatment with the Hsp90 in-
hibitor AUY-922 for 48 h suppressed the active ATM. AUY-922 post-treatment counter-
acted the LPS-induced ATM phosphorylation (Figure 3B). 

2.8. AUY-922 Counteracts the LPS-Induced Suppression of pAMPK 
The AMP-activated protein kinase (AMPK) is involved in the regulation of various 

important physiological functions, such as endothelial cell energy supply and endothelial 
NOS activation [36], and induces P53 [36,37]. Hence, phosphorylation of AMPK supports 
endothelial integrity and represents a promising strategy for the protection of the vascular 
endothelial barrier function. In this study, mice treated with LPS for 24 h showed a signif-
icant reduction in the phosphorylation and activation of AMPK. The LPS-induced sup-
pression of AMPK was counteracted by the AUY-922 treatment (48 h) (Figure 3C). 

 
Figure 3. Effects of hsp90 inhibition in major inflammatory cascades of the murine inflamed lungs. Western blot analysis 
of phosphorylated ATR (pATR) and ATR (A), phosphorylated ATM (pATM) and ATM (B), phosphorylated AMPK 
(pAMPK) and AMPK (C), phosphorylated IRE1α (pIRE1α) and IRE1α (E) expression in lungs retrieved from mice 72 h 
after intratracheal injection of either vehicle (saline) or LPS (1.6 mg/kg) and post-treated (24 h after LPS) with an intraper-
itoneal injection of either AUY-922 (10 mg/kg each, dissolved in 10% DMSO) or vehicle (10% DMSO in saline). The signal 
intensity of protein bands was analyzed by densitometry. Protein levels of pATR, pATM, pAMPK and pIRE1α were nor-
malized to ATR, ATM, AMPK and IRE1α, respectively. * p < 0.05, ** p < 0.01 vs. vehicle (VEH) and $ p < 0.05, $$ p < 0.01 vs. 
LPS, n = 3 animals per group. Means ± SEM. Western Blot analysis of phosphorylated IRE1α (pIRE1α) and IRE1α (D) in 
mouse lungs treated with either vehicle (10% DMSO in saline) or AUY-922 (10 mg/kg each, dissolved in 10% DMSO) via 
an intraperitoneal injection for 48 h. The signal intensity of pIRE1α and IRE1α was analyzed by densitometry. Protein 
levels of pIRE1α were normalized to IRE1α. * p < 0.05 vs. vehicle (VEH), number of animals in each group = 3. Means ± 
SEM.—indicates the absence, and + indicates the presence of the corresponding reagent in the treatments. 

2.9. AUY-922 Suppresses the LPS-Induced Deactivation of IRE1α 
IRE1α is the most conserved sensor of UPR signaling. Upon dissociation from BiP, it 

homodimerizes and autophosphorylates to trigger downstream signaling mechanisms. 

Figure 3. Effects of hsp90 inhibition in major inflammatory cascades of the murine inflamed lungs. Western blot analysis of
phosphorylated ATR (pATR) and ATR (A), phosphorylated ATM (pATM) and ATM (B), phosphorylated AMPK (pAMPK)
and AMPK (C), phosphorylated IRE1α (pIRE1α) and IRE1α (E) expression in lungs retrieved from mice 72 h after intratra-
cheal injection of either vehicle (saline) or LPS (1.6 mg/kg) and post-treated (24 h after LPS) with an intraperitoneal injection
of either AUY-922 (10 mg/kg each, dissolved in 10% DMSO) or vehicle (10% DMSO in saline). The signal intensity of
protein bands was analyzed by densitometry. Protein levels of pATR, pATM, pAMPK and pIRE1α were normalized to ATR,
ATM, AMPK and IRE1α, respectively. * p < 0.05, ** p < 0.01 vs. vehicle (VEH) and $ p < 0.05, $$ p < 0.01 vs. LPS, n = 3 animals
per group. Means ± SEM. Western Blot analysis of phosphorylated IRE1α (pIRE1α) and IRE1α (D) in mouse lungs treated
with either vehicle (10% DMSO in saline) or AUY-922 (10 mg/kg each, dissolved in 10% DMSO) via an intraperitoneal
injection for 48 h. The signal intensity of pIRE1α and IRE1α was analyzed by densitometry. Protein levels of pIRE1α were
normalized to IRE1α. * p < 0.05 vs. vehicle (VEH), number of animals in each group = 3. Means ± SEM.—indicates the
absence, and + indicates the presence of the corresponding reagent in the treatments.

2.7. AUY-922 Reduces the Expression Levels of the Phosphorylated ATM

DNA damage activates ATM kinases [35]. Phosphorylation of ATM induces its activ-
ity, which in turn phosphorylates MDM2. The LPS-treated mice exhibited higher levels
(1.8-fold) of phosphorylated ATM in their lungs. However, treatment with the Hsp90 in-
hibitor AUY-922 for 48 h suppressed the active ATM. AUY-922 post-treatment counteracted
the LPS-induced ATM phosphorylation (Figure 3B).

2.8. AUY-922 Counteracts the LPS-Induced Suppression of pAMPK

The AMP-activated protein kinase (AMPK) is involved in the regulation of various
important physiological functions, such as endothelial cell energy supply and endothelial
NOS activation [36], and induces P53 [36,37]. Hence, phosphorylation of AMPK supports
endothelial integrity and represents a promising strategy for the protection of the vascular
endothelial barrier function. In this study, mice treated with LPS for 24 h showed a
significant reduction in the phosphorylation and activation of AMPK. The LPS-induced
suppression of AMPK was counteracted by the AUY-922 treatment (48 h) (Figure 3C).
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2.9. AUY-922 Suppresses the LPS-Induced Deactivation of IRE1α

IRE1α is the most conserved sensor of UPR signaling. Upon dissociation from BiP,
it homodimerizes and autophosphorylates to trigger downstream signaling mechanisms.
Mice treated with AUY-922 for 48 h exerted increased levels of phosphorylated IRE1α
(activated form) expression as compared to the vehicle-treated group (Figure 3D). Moreover,
LPS suppressed the phosphorylation of IRE1α, an effect opposed by AUY-922 (Figure 3E).

2.10. Effects of AUY-922 on LPS-Induced Body Weight Reduction and BALF
Protein Concentration

The changes in body weight and BALF protein concentration after LPS and AUY-922
treatment were observed. LPS treatment for 24 h reduced body weight as compared to
the vehicle-treated group. On the other hand, treatment with AUY-922 (10 mg/kg) for
48 h suppressed the LPS-induced loss of body weight (Figure 4A). The BALF protein
concentration in the LPS-treated group was significantly increased. Treatment with AUY-
922 (48 h) reduced the BALF protein concentration (Figure 4B).
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3. Discussion

Hsp90 inhibitors are promising anti-inflammatory therapeutic agents due to their abil-
ity to target various signaling mechanisms. Hence, several generations of Hsp90 inhibitors
have been developed. AUY-922 is a highly specific synthetic resorcinylic isoxazole amide
which demonstrates low-nanomolar affinities for the cytosolic isoform of Hsp90 [38]. It
demonstrates improved bioavailability, safety and activity profile compared to the earlier
Hsp90 inhibitors [39]. It targets the ATP-nucleotide pockets at the N-terminal domain of
Hsp90 and blocks the cycling between ADP- and ATP-bound conformations, impairing
the chaperoning activities of Hsp90 [40]. 17-AAG belongs to the benzoquinone ansamycin
class of Hsp90 inhibitors and significantly suppresses the function of Hsp90. However, it
has relatively poor solubility and oral bioavailability.

AUY-922 protects against nitrogen mustard-induced pulmonary fibrosis (PF) and
lung dysfunction. Acute exposure to nitrogen mustard is involved in the development of
chronic lung injury. AUY-922 decreases the accumulation of extracellular matrix proteins
and reduces the histologic evidence of fibrosis in the lungs [41]. 17-AAG suppresses the
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endothelial permeability by disrupting RhoA signaling. Activated RhoA stimulates its
downstream effector Rho kinase (ROCK), which phosphorylates the myosin light chain
2 (MLC2), leading to endothelial hyper-permeability [42]. The expression levels of VE-
cadherin and β-catenin indicate the integrity of the endothelial barrier. The transforming
growth factor-β1 (TGF-β1) decreases the expression of those adherens junction proteins
in bovine lung endothelial cells, indicating a compromised endothelial barrier. Hsp90
inhibition restores the adherens junction protein and prevents the TGF-β1-induced actin
stress fiber formation and depolymerization of peripheral microtubules [43]. Hence, Hsp90
inhibitors modulate different signaling pathways in order to protect the lung endothe-
lial barrier.

P53 functions as an orchestrator of anti-inflammatory signaling. It suppresses the
redox regulator APE1/Ref1 [22,44,45], inhibits the RhoA/MLC2 pathway [46] and deacti-
vates the actin severing activity of cofilin in endothelial cells [47,48]. P53 is subjected to
phosphorylation and subsequent degradation by bacterial toxins such as lipopolysaccha-
ride [49] and lipoteichoic acid [50]. Inhibition of Hsp90 increases P53 expression levels by
suppressing its phosphorylation in Ser6, Ser15, Ser33 and Ser392 [49]. Induction of UPR
results in increased P53, while UPR suppression reduces P53 levels [51]. That demonstrates
that P53 mediates the UPR functions against endothelial barrier hyper-permeability.

The mitogen-activated protein kinase (MAPK) pathway is associated with the acti-
vation of endothelial cells in response to numerous inflammatory stimuli [52]. MAPKs
are crucial in the modulation of barrier function. Activation of toll-like receptor (TLR)
induces the phosphorylation of MAPKs and suppresses the TJ protein expression in brain
endothelial cells, causing barrier dysfunction [53]. However, suppression of the MAPK sig-
naling attenuates endothelial activation and downregulates the TNFα-induced expression
of VCAM-1 and ICAM-1 [54]. Moreover, Angiotensin II (Ang II), a well-known vasocon-
strictor, enhances endothelial permeability by increasing the production of prostaglandins
and vascular endothelial growth factor (VEGF). It also activates the extracellular signal-
regulated kinase1/2 (ERK1/2), c-Jun NH2-terminal kinase 1/2 (JNK1/2) and p38 MAPK.
It contributes to the actin cytoskeleton remodeling and stress fiber formation. Inhibition of
Ang II increases the endothelial integrity by suppressing the MAPK pathway [55]. Another
study reported a direct relationship between MAPK activation, microtubule disassembly
and lung endothelial barrier failure [56].

In line with those observations, we revealed that the intra-tracheal administration of
LPS induces the activation of ERK1/2 and P38 in mouse lung tissues. LPS is the major
component of the outer membrane of gram-negative bacteria and a key pathogenic stim-
ulator of inflammatory signaling. LPS is recognized by the toll-like receptor 4 (TLR4),
which is widely expressed in different types of cells including endothelial cells [57],
macrophages [58] and lung epithelial cells [59]. Activation of TLR4 stimulates the phos-
phorylation and activation of MAPKs and forms a complex with myeloid differentiation
protein 2 (MD2) to activate myeloid differentiation factor 88 (MyD88). The TLR4-MD2-LPS
complex triggers the phosphorylation of protein kinase B (PKB), which activates the nuclear
factor-κB (NF- κB) signaling to facilitate inflammatory responses [58]. In this study, we
observed a significant induction of different inflammatory cytokines and chemokines such
as MCP-1, IL-6 and TNFα in the lung tissues after the LPS treatment. AUY-922 protected
against the severity of LPS-induced inflammation by suppressing the MAPKs (Figure 1A,B),
IL-1β (Figure 2A), IL-6 (Figure 2B), MCP-1 (Figure 2C) and TNFα (Figure 2D). Similarly,
previous studies reported that LPS-treated mice expressed higher levels of IL-2 and IL-10
cytokines in the bronchoalveolar lavage fluid (BALF). AUY-922 counteracted the LPS-
induced upregulation of those cytokines [49]. Histopathological analysis of LPS-treated
lungs suggested a strong inflammatory response that was counteracted by the Hsp90
inhibitor radicicol [60].

The Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) is
a signal transduction pathway involved in regulating a range of cellular functions including
cell survival, cell-cycle progression, proliferation, angiogenesis and inflammation. JAK2 is a
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non-receptor tyrosine kinase (nRTK) that phosphorylates STAT3 and causes its dimerization
through the SH2 domain and the subsequent translocation to the nucleus. STAT3 can also
be phosphorylated by multiple upstream molecules, such as receptor tyrosine kinases,
vascular endothelial growth factor receptor (VEGFR) and epidermal growth factor receptor
(EGFR). It is also affected by other nRTKs including the Src-family kinases (Src, Fyn, Lyn,
etc.) and PI3K [61]. The activation of JAK2/STAT3 pathway mediates endothelial barrier
dysfunction by inducing IL-6. This pathway also downregulates the expression of VE-
cadherin and tight junction proteins (such as zonula occluden-1) [62]. It also induces VEGF
production [63]. Hence, inhibition of STAT3 phosphorylation (mediated by JAK2) exerts
anti-inflammatory activities and reduces endothelial permeability. Hsp90 is associated
with the IL-6-induced STAT3 signaling at elevated temperatures. Geldanamycin markedly
inhibits STAT3 signaling stimulated by IL-6 [64], and other studies reported a correlation
between MAPK and JAK2/STAT3 pathways. The inhibition of ERK1/2 demonstrates a
significant reduction in the IL-17-mediated STAT3 phosphorylation, suggesting a functional
role of the ERK1/2-JAK2/STAT3 crosstalk [65].

The ataxia-telangiectasia mutated (ATM) kinase is a DNA damage-inducible kinase
that phosphorylates various substrates participating in cell cycle regulation and DNA
repair [66]. It stabilizes P53 after DNA damage by phosphorylating multiple residues near
the ring domain of MDM2, including the Ser429 residue [67]. This modification of MDM2
causes its autoubiquitination and degradation. Others reported that ATM activates check-
point kinase 2 (Chk2), which phosphorylates P53 on Ser20 residue. The phosphorylation
of P53 disrupts its binding to the MDM2 [68]. The ataxia-telangiectasia and Rad3 related
(ATR) kinase is closely related to ATM. It also regulates the cell cycle checkpoint kinases and
phosphorylates P53 at Ser15 and Ser37 residues. Inhibition of ATR shows promising results
in cancer therapy [69]. Inflammation enhances the production of reactive oxygen species
(ROS) and reactive nitrogen species (RNS), resulting in cellular DNA damage through
the formation of 8-oxo-7,8-dihydro-2′-deoxyguanosine and 8-nitroguanine [70]. AUY-922
suppresses the LPS-induced activation of ATM and ATR kinases in lung tissues which
indicates its potential to protect against DNA damage during inflammation. Previous
studies reported the inhibition of ATM expression by the Hsp90 inhibitor 17-DMAG in
non-small cell lung cancer cell lines [71].

The inhibition of Hsp90 protein by AUY-922 induces the levels of pIRE1α in lung
tissues. IRE1α exhibits endoribonuclease activity which regulates the activation of X-box
binding protein-1 (XBP1) by the cleavage of XBP1 mRNA to form spliced XBP1 (XBP1s).
The spliced XBP1 is required for ER expansion and increases a subset of UPR target
genes involved in ER proteostasis. Deletion of XBP1 in intestinal epithelial cells induces
inflammation and develops inflammatory bowel disease (IBD) [72]. In addition, IRE1α
RNase cleaves the ER-associated mRNAs or non-coding functional RNAs which causes
their degradation through an IRE1-dependent decay (RIDD). It also modulates the protein
folding load, inflammation and inflammasome-related signaling pathways [73]. IRE1α
cleaves miRNAs that are functionally involved in metabolism and inflammation in the
liver. This modification causes the degradation of miRNAs [74].

The correlation between UPR and inflammation has been demonstrated in many
diseases including obesity. The obesity-related chronic inflammation disrupts IRE1α by
increasing nitric oxide synthase (iNOS) activity, which in turn causes S-nitrosylation of
IRE1α. Those events lead to the reduction of hepatic IRE1α-mediated XBP1 splicing and,
subsequently, the disruption of glucose homeostasis. The restoration of the IRE1α-mediated
XBP1 splicing improves glucose homeostasis [75]. In addition to the canonical role as a
UPR mediator, IRE1α is associated with other cellular functions such as cell differentiation,
angiogenesis and metabolism. IRE1α physically interacts with filamin A, a crucial factor of
actin crosslinking, through its proline-rich region at the distal C-terminal. Stimulation of
IRE1α phosphorylates filamin A and upregulates Rac1 activity and hence, modulates the
cytoskeleton remodeling [76].
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An emerging body of evidence suggests that Hsp90 is necessary for the stability
and function of IRE1α [77]. Cdc37, a co-chaperone of Hsp90, directly binds with IRE1α
via a highly conserved cytosolic motif of IRE1α. Knockdown of Cdc37, or breakdown
of the Cdc37 and IRE1α interaction causes significant induction of basal IRE1α activity
in INS-1 cells [78]. 17-AAG activates the UPR pathway by inducing the activation of
IRE1α in myeloma plasma cells [79]. Geldanamycin promotes the dissociation of BiP from
IREα and induces IRE1α activation [77]. Our study supports our ongoing research on the
development of new therapeutics based on Hsp90 inhibition against lung inflammatory
diseases. Since AUY-922 induces the anti-inflammatory IRE1α (Figure 3D), it is possible
that this UPR sensor may exert a pivotal role in the protective activities of Hsp90 inhibitors
in the vasculature.

4. Materials and Methods
4.1. Reagents

AUY-922 (101756-820), anti-mouse IgG HRP-linked antibody (95017-554), anti-rabbit
IgG HRP-linked whole (95017-556), nitrocellulose membranes (10063-173), RIPA buffer
(AAJ63306-AP) and EZBlockTM block protease inhibitor cocktail (10190-060) were obtained
from VWR (Radnor, PA, USA). APE1/Ref1 (4128S), phospho-p44/42 MAPK (Erk1/2)
(9101S), p44/42 MAPK (Erk1/2) (9102S), phospho-JAK2 (3776S), JAK2 (3230S), phospho-
STAT3 (9145S), STAT3 (4904S), phospho-ATR (2853S), ATR (2790S), phospho-ATM(13050S),
ATM (2873S), phospho-AMPK (2535S), AMPK (2793S), IL1-β (12703S), IL-6 (12153S), IRE1α
(3294S), phospho-P38 (9211S), P38 (9212S), MCP-1 (2027S) and TNFα (3707S) antibodies
were purchased from Cell Signaling (Danvers, MA, USA). Lipopolysaccharides (LPS)
(L4130) and β-actin antibodies (A5441) were purchased from Sigma-Aldrich (St Louis, MO,
USA). The phospho-IRE1α (PA1-16927) antibody was purchased from Thermo Scientific
(Rockford, IL, USA).

4.2. Animals

Seven-week-old C57BL/6 (male) mice were purchased from Envigo (Indianapolis,
IN). They were maintained in a 12:12-h light/dark cycle, in pathogen-free conditions. The
temperature was controlled (22–24 ◦C), as well as the humidity (50–60%). All experimental
procedures were approved by the University of Louisiana Monroe Institutional Animal
Care and Use Committee (IACUC) (19JUN-NB-01) and were in line with the principles of
human animal care adopted by the American Physiological Society.

4.3. In Vivo Treatments

Stock solutions of E. coli LPS (0111:B4) and the Hsp90 inhibitor AUY-922 were prepared
in saline and 10% DMSO, respectively [41,49,80]. The in vivo treatment dose and timing for
the LPS and AUY-922 were determined as per the previous studies in C57BL/6 mice [49,81].
Mice received vehicle (saline) or LPS (1.6 mg/Kg) via intra-tracheal instillation. After 24 h
of LPS administration, mice received AUY-922 (10 mg/kg) intraperitoneally and were
sacrificed 48 h later.

4.4. Collection of BALF and Total Protein Measurement

Bronchoalveolar lavage fluid (BALF) from mouse lungs was obtained by instilling
and withdrawing 1ml of PBS by using a tracheal cannula. The total protein concentration
in BALF was estimated with the bicinchoninic acid protein assay kit (Thermo Scientific,
Rockford, IL, USA).

4.5. Western Blot Analysis

RIPA buffer and EZBlockTM block protease inhibitor cocktail were used to isolate
the proteins from homogenized lung tissues. The protein concentration was measured
using the BCA protein assay method. Proteins were separated according to their molecular
weight by electrophoresis onto sodium dodecyl sulfate (SDS-PAGE) Tris-HCl gels. A wet
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transfer technique was used to transfer the proteins onto nitrocellulose membranes. All
the membranes were incubated for 1 h at room temperature in a solution of 5% non-fat
dry milk and subsequently, exposed to appropriate primary antibodies (1:1000) at 4 ◦C
overnight. The following day, membranes were incubated with the corresponding HRP-
linked secondary antibodies (1:2000). Protein bands were detected by the SuperSignal™
West Pico PLUS chemiluminescent substrate (PI34578). The images of the protein bands
were captured in a ChemiDoc™ Touch Imaging System from Bio-Rad (Hercules, CA, USA).
β-actin was the loading control unless stated otherwise in the densitometry graph. All
reagents were obtained from VWR (Radnor, PA, USA).

4.6. Densitometry and Statistical Analysis

Image J software (NIH) was utilized to perform the densitometry of the immunoblots.
All data are expressed as mean values ± SEM (standard error of the mean). The Student’s
t-test was used to determine statistically significant differences in protein expression among
the groups. Bodyweight and BALF protein concentration data were analyzed by one-way
ANOVA with the post hoc Dunnett test for the comparison of the treatment groups and the
control group. A value of p < 0.05 was considered significant. GraphPad Prism (version 5.01)
was used to analyze the data. The letter n represents the number of experimental repeats.

5. Conclusions

Our work substantiates our ongoing efforts on the elucidation of the mechanisms
involved in the protective activities of Hsp90 inhibitors in inflamed tissues, and suggest that
those compounds may deliver novel therapeutic possibilities against lung inflammatory
diseases and sepsis.

Author Contributions: M.S.A.: Investigation, writing—original draft preparation, data analysis and
interpretation; M.A.U.: Investigation, data analysis and interpretation, writing—editing the draft;
K.-T.K.: Investigation; N.B.: conceptualization, writing—review and editing the draft, supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: Nektarios Barabutis is supported by (1) R&D, Research Competitiveness Subprogram
(RCS) of the Louisiana Board of Regents through the Board of Regents Support Fund (LEQSF
(2019-22)-RD-A-26) and (2) NIGMS 5P20GM103424.

Institutional Review Board Statement: All animal procedures were approved by the University of
Louisiana Monroe Institutional Animal Care and Use Committee (IACUC) (19JUN-NB-01) on 12
June 2019.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Calfee, C.S.; Janz, D.R.; Bernard, G.R.; May, A.K.; Kangelaris, K.N.; Matthay, M.A.; Ware, L.B. Distinct molecular phenotypes of

direct vs indirect ARDS in single-center and multicenter studies. Chest 2015, 147, 1539–1548. [CrossRef]
2. Matthay, M.A.; Zemans, R.L.; Zimmerman, G.A.; Arabi, Y.M.; Beitler, J.R.; Mercat, A.; Herridge, M.; Randolph, A.G.; Calfee, C.S.

Acute respiratory distress syndrome. Nat. Rev. Dis Primers 2019, 5, 18. [CrossRef] [PubMed]
3. Matthay, M.A. Resolution of pulmonary edema. Thirty years of progress. Am. J. Respir. Crit. Care Med. 2014, 189, 1301–1308.

[CrossRef] [PubMed]
4. Millar, F.R.; Summers, C.; Griffiths, M.J.; Toshner, M.R.; Proudfoot, A.G. The pulmonary endothelium in acute respiratory distress

syndrome: Insights and therapeutic opportunities. Thorax 2016, 71, 462–473. [CrossRef] [PubMed]
5. Di Paola, R.; Impellizzeri, D.; Fusco, R.; Cordaro, M.; Siracusa, R.; Crupi, R.; Esposito, E.; Cuzzocrea, S. Ultramicronized

palmitoylethanolamide (PEA-um((R))) in the treatment of idiopathic pulmonary fibrosis. Pharmacol. Res. 2016, 111, 405–412.
[CrossRef]

6. Akhter, M.S.; Uddin, M.A.; Kubra, K.T.; Barabutis, N. Autophagy, Unfolded Protein Response and Lung Disease. Curr. Res. Cell
Biol. 2020, 1. [CrossRef]

http://doi.org/10.1378/chest.14-2454
http://doi.org/10.1038/s41572-019-0069-0
http://www.ncbi.nlm.nih.gov/pubmed/30872586
http://doi.org/10.1164/rccm.201403-0535OE
http://www.ncbi.nlm.nih.gov/pubmed/24881936
http://doi.org/10.1136/thoraxjnl-2015-207461
http://www.ncbi.nlm.nih.gov/pubmed/26968969
http://doi.org/10.1016/j.phrs.2016.07.010
http://doi.org/10.1016/j.crcbio.2020.100003


Pharmaceuticals 2021, 14, 522 12 of 14

7. Diehl, J.A.; Fuchs, S.Y.; Koumenis, C. The cell biology of the unfolded protein response. Gastroenterology 2011, 141, 38–41.
[CrossRef]

8. Shan, B.; Wang, X.; Wu, Y.; Xu, C.; Xia, Z.; Dai, J.; Shao, M.; Zhao, F.; He, S.; Yang, L.; et al. The metabolic ER stress sensor
IRE1alpha suppresses alternative activation of macrophages and impairs energy expenditure in obesity. Nat. Immunol. 2017, 18,
519–529. [CrossRef]

9. Qiu, Q.; Zheng, Z.; Chang, L.; Zhao, Y.S.; Tan, C.; Dandekar, A.; Zhang, Z.; Lin, Z.; Gui, M.; Li, X.; et al. Toll-like receptor-mediated
IRE1alpha activation as a therapeutic target for inflammatory arthritis. EMBO J. 2013, 32, 2477–2490. [CrossRef]

10. Barabutis, N. Unfolded Protein Response supports endothelial barrier function. Biochimie 2019, 165, 206–209. [CrossRef] [PubMed]
11. Akhter, M.S.; Kubra, K.T.; Uddin, M.A.; Barabutis, N. Kifunensine compromises lung endothelial barrier function. Microvasc. Res.

2020, 132, 104051. [CrossRef] [PubMed]
12. Akhter, M.S.; Uddin, M.A.; Schally, A.V.; Kubra, K.T.; Barabutis, N. Involvement of the unfolded protein response in the protective

effects of growth hormone releasing hormone antagonists in the lungs. J. Cell Commun. Signal. 2021, 15, 125–129. [CrossRef]
13. Uddin, M.A.; Akhter, M.S.; Singh, S.S.; Kubra, K.T.; Schally, A.V.; Jois, S.; Barabutis, N. GHRH antagonists support lung

endothelial barrier function. Tissue Barriers 2019, 7, 1669989. [CrossRef]
14. Barabutis, N. Growth Hormone Releasing Hormone in Endothelial Barrier Function. Trends Endocrinol. Metab. 2021, 32, 338–340.

[CrossRef] [PubMed]
15. Schopf, F.H.; Biebl, M.M.; Buchner, J. The HSP90 chaperone machinery. Nat. Rev. Mol. Cell Biol. 2017, 18, 345–360. [CrossRef]

[PubMed]
16. Park, H.K.; Yoon, N.G.; Lee, J.E.; Hu, S.; Yoon, S.; Kim, S.Y.; Hong, J.H.; Nam, D.; Chae, Y.C.; Park, J.B.; et al. Unleashing the full

potential of Hsp90 inhibitors as cancer therapeutics through simultaneous inactivation of Hsp90, Grp94, and TRAP1. Exp. Mol.
Med. 2020, 52, 79–91. [CrossRef] [PubMed]

17. Tukaj, S.; Wegrzyn, G. Anti-Hsp90 therapy in autoimmune and inflammatory diseases: A review of preclinical studies. Cell Stress
Chaperones 2016, 21, 213–218. [CrossRef] [PubMed]

18. Haupt, A.; Joberty, G.; Bantscheff, M.; Frohlich, H.; Stehr, H.; Schweiger, M.R.; Fischer, A.; Kerick, M.; Boerno, S.T.; Dahl, A.;
et al. Hsp90 inhibition differentially destabilises MAP kinase and TGF-beta signalling components in cancer cells revealed by
kinase-targeted chemoproteomics. BMC Cancer 2012, 12, 38. [CrossRef] [PubMed]

19. Lian, J.; Lin, D.; Xie, X.; Xu, Y.; Xu, L.; Meng, L.; Zhu, Y. NVP-AUY922, a novel HSP90 inhibitor, inhibits the progression of
malignant pheochromocytoma in vitro and in vivo. Onco Targets Ther. 2017, 10, 2219–2226. [CrossRef]

20. Nagaraju, G.P.; Mezina, A.; Shaib, W.L.; Landry, J.; El-Rayes, B.F. Targeting the Janus-activated kinase-2-STAT3 signalling pathway
in pancreatic cancer using the HSP90 inhibitor ganetespib. Eur. J. Cancer 2016, 52, 109–119. [CrossRef]

21. Marubayashi, S.; Koppikar, P.; Taldone, T.; Abdel-Wahab, O.; West, N.; Bhagwat, N.; Caldas-Lopes, E.; Ross, K.N.; Gonen, M.;
Gozman, A.; et al. HSP90 is a therapeutic target in JAK2-dependent myeloproliferative neoplasms in mice and humans. J. Clin.
Investig. 2010, 120, 3578–3593. [CrossRef]

22. Uddin, M.A.; Akhter, M.S.; Siejka, A.; Catravas, J.D.; Barabutis, N. P53 supports endothelial barrier function via APE1/Ref1
suppression. Immunobiology 2019, 224, 532–538. [CrossRef] [PubMed]

23. Kubra, K.T.; Uddin, M.A.; Akhter, M.S.; Barabutis, N. Hsp90 inhibitors induce the unfolded protein response in bovine and mice
lung cells. Cell Signal. 2020, 67, 109500. [CrossRef]

24. Uddin, M.A.; Kubra, K.T.; Sonju, J.J.; Akhter, M.S.; Seetharama, J.; Barabutis, N. Effects of Heat Shock Protein 90 Inhibition In the
Lungs. Med. Drug Discov. 2020, 6. [CrossRef]

25. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-kappaB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2. [CrossRef]
26. Thangjam, G.S.; Birmpas, C.; Barabutis, N.; Gregory, B.W.; Clemens, M.A.; Newton, J.R.; Fulton, D.; Catravas, J.D. Hsp90

inhibition suppresses NF-kappaB transcriptional activation via Sirt-2 in human lung microvascular endothelial cells. Am. J.
Physiol. Lung Cell Mol. Physiol. 2016, 310, L964–L974. [CrossRef] [PubMed]

27. Sevin, M.; Girodon, F.; Garrido, C.; de Thonel, A. HSP90 and HSP70: Implication in Inflammation Processes and Therapeutic
Approaches for Myeloproliferative Neoplasms. Mediat. Inflamm. 2015, 2015, 970242. [CrossRef] [PubMed]

28. Kitanaka, N.; Nakano, R.; Sugiura, K.; Kitanaka, T.; Namba, S.; Konno, T.; Nakayama, T.; Sugiya, H. Interleukin-1beta promotes
interleulin-6 expression via ERK1/2 signaling pathway in canine dermal fibroblasts. PLoS ONE 2019, 14, e0220262. [CrossRef]

29. Nick, J.A.; Avdi, N.J.; Gerwins, P.; Johnson, G.L.; Worthen, G.S. Activation of a p38 mitogen-activated protein kinase in human
neutrophils by lipopolysaccharide. J. Immunol. 1996, 156, 4867–4875.

30. Stone, M.K.; Kolling, G.L.; Lindner, M.H.; Obrig, T.G. p38 mitogen-activated protein kinase mediates lipopolysaccharide and
tumor necrosis factor alpha induction of shiga toxin 2 sensitivity in human umbilical vein endothelial cells. Infect. Immun. 2008,
76, 1115–1121. [CrossRef]

31. Yang, Y.; Kim, S.C.; Yu, T.; Yi, Y.S.; Rhee, M.H.; Sung, G.H.; Yoo, B.C.; Cho, J.Y. Functional roles of p38 mitogen-activated protein
kinase in macrophage-mediated inflammatory responses. Mediat. Inflamm. 2014, 2014, 352371. [CrossRef]

32. Lee, D.H.; Sung, K.S.; Bartlett, D.L.; Kwon, Y.T.; Lee, Y.J. HSP90 inhibitor NVP-AUY922 enhances TRAIL-induced apoptosis
by suppressing the JAK2-STAT3-Mcl-1 signal transduction pathway in colorectal cancer cells. Cell Signal. 2015, 27, 293–305.
[CrossRef]

http://doi.org/10.1053/j.gastro.2011.05.018
http://doi.org/10.1038/ni.3709
http://doi.org/10.1038/emboj.2013.183
http://doi.org/10.1016/j.biochi.2019.08.007
http://www.ncbi.nlm.nih.gov/pubmed/31404589
http://doi.org/10.1016/j.mvr.2020.104051
http://www.ncbi.nlm.nih.gov/pubmed/32730762
http://doi.org/10.1007/s12079-020-00593-0
http://doi.org/10.1080/21688370.2019.1669989
http://doi.org/10.1016/j.tem.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/33771415
http://doi.org/10.1038/nrm.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28429788
http://doi.org/10.1038/s12276-019-0360-x
http://www.ncbi.nlm.nih.gov/pubmed/31956271
http://doi.org/10.1007/s12192-016-0670-z
http://www.ncbi.nlm.nih.gov/pubmed/26786410
http://doi.org/10.1186/1471-2407-12-38
http://www.ncbi.nlm.nih.gov/pubmed/22277058
http://doi.org/10.2147/OTT.S130236
http://doi.org/10.1016/j.ejca.2015.10.057
http://doi.org/10.1172/JCI42442
http://doi.org/10.1016/j.imbio.2019.04.008
http://www.ncbi.nlm.nih.gov/pubmed/31023490
http://doi.org/10.1016/j.cellsig.2019.109500
http://doi.org/10.1016/j.medidd.2020.100046
http://doi.org/10.1038/sigtrans.2017.23
http://doi.org/10.1152/ajplung.00054.2016
http://www.ncbi.nlm.nih.gov/pubmed/27036868
http://doi.org/10.1155/2015/970242
http://www.ncbi.nlm.nih.gov/pubmed/26549943
http://doi.org/10.1371/journal.pone.0220262
http://doi.org/10.1128/IAI.01300-07
http://doi.org/10.1155/2014/352371
http://doi.org/10.1016/j.cellsig.2014.11.013


Pharmaceuticals 2021, 14, 522 13 of 14

33. Frossi, B.; Antoniali, G.; Yu, K.; Akhtar, N.; Kaplan, M.H.; Kelley, M.R.; Tell, G.; Pucillo, C.E.M. Endonuclease and redox activities
of human apurinic/apyrimidinic endonuclease 1 have distinctive and essential functions in IgA class switch recombination. J.
Biol. Chem. 2019, 294, 5198–5207. [CrossRef]

34. Xia, Y.; Padre, R.C.; De Mendoza, T.H.; Bottero, V.; Tergaonkar, V.B.; Verma, I.M. Phosphorylation of p53 by IkappaB kinase 2
promotes its degradation by beta-TrCP. Proc. Natl. Acad. Sci. USA 2009, 106, 2629–2634. [CrossRef]

35. Irarrazabal, C.E.; Liu, J.C.; Burg, M.B.; Ferraris, J.D. ATM, a DNA damage-inducible kinase, contributes to activation by high
NaCl of the transcription factor TonEBP/OREBP. Proc. Natl. Acad. Sci. USA 2004, 101, 8809–8814. [CrossRef]

36. Salt, I.P.; Palmer, T.M. Exploiting the anti-inflammatory effects of AMP-activated protein kinase activation. Expert Opin. Investig.
Drugs 2012, 21, 1155–1167. [CrossRef] [PubMed]

37. He, G.; Zhang, Y.W.; Lee, J.H.; Zeng, S.X.; Wang, Y.V.; Luo, Z.; Dong, X.C.; Viollet, B.; Wahl, G.M.; Lu, H. AMP-activated protein
kinase induces p53 by phosphorylating MDMX and inhibiting its activity. Mol. Cell Biol. 2014, 34, 148–157. [CrossRef] [PubMed]

38. Voruganti, S.; Lacroix, J.C.; Rogers, C.N.; Rogers, J.; Matts, R.L.; Hartson, S.D. The anticancer drug AUY922 generates a proteomics
fingerprint that is highly conserved among structurally diverse Hsp90 inhibitors. J. Proteome Res. 2013, 12, 3697–3706. [CrossRef]
[PubMed]

39. Oki, Y.; Younes, A.; Knickerbocker, J.; Samaniego, F.; Nastoupil, L.; Hagemeister, F.; Romaguera, J.; Fowler, N.; Kwak, L.; Westin, J.
Experience with HSP90 inhibitor AUY922 in patients with relapsed or refractory non-Hodgkin lymphoma. Haematologica 2015,
100, e272–e274. [CrossRef] [PubMed]

40. Yuno, A.; Lee, M.J.; Lee, S.; Tomita, Y.; Rekhtman, D.; Moore, B.; Trepel, J.B. Clinical Evaluation and Biomarker Profiling of Hsp90
Inhibitors. Methods Mol. Biol. 2018, 1709, 423–441. [CrossRef] [PubMed]

41. Solopov, P.; Biancatelli, R.; Marinova, M.; Dimitropoulou, C.; Catravas, J.D. The HSP90 Inhibitor, AUY-922, Ameliorates the
Development of Nitrogen Mustard-Induced Pulmonary Fibrosis and Lung Dysfunction in Mice. Int. J. Mol. Sci. 2020, 21, 4740.
[CrossRef]

42. Joshi, A.D.; Dimitropoulou, C.; Thangjam, G.; Snead, C.; Feldman, S.; Barabutis, N.; Fulton, D.; Hou, Y.; Kumar, S.; Patel, V.; et al.
Heat shock protein 90 inhibitors prevent LPS-induced endothelial barrier dysfunction by disrupting RhoA signaling. Am. J.
Respir. Cell Mol. Biol. 2014, 50, 170–179. [CrossRef]

43. Antonov, A.; Snead, C.; Gorshkov, B.; Antonova, G.N.; Verin, A.D.; Catravas, J.D. Heat shock protein 90 inhibitors protect and
restore pulmonary endothelial barrier function. Am. J. Respir. Cell Mol. Biol. 2008, 39, 551–559. [CrossRef] [PubMed]

44. Akhter, M.S.; Uddin, M.A.; Barabutis, N. P53 Regulates the Redox Status of Lung Endothelial Cells. Inflammation 2020, 43, 686–691.
[CrossRef] [PubMed]

45. Akhter, M.S.; Uddin, M.A.; Kubra, K.T.; Barabutis, N. P53-induced reduction of lipid peroxidation supports brain microvascular
endothelium integrity. J. Pharmacol. Sci. 2019, 141, 83–85. [CrossRef] [PubMed]

46. Barabutis, N. P53 in RhoA regulation. Cytoskeleton 2020, 77, 197–201. [CrossRef]
47. Kubra, K.T.; Akhter, M.S.; Uddin, M.A.; Barabutis, N. P53 versus inflammation: An update. Cell Cycle 2020, 19, 160–162. [CrossRef]
48. Barabutis, N. P53 in lung vascular barrier dysfunction. Vasc. Biol. 2020, 2, E1–E2. [CrossRef]
49. Barabutis, N.; Uddin, M.A.; Catravas, J.D. Hsp90 inhibitors suppress P53 phosphorylation in LPS-induced endothelial inflamma-

tion. Cytokine 2019, 113, 427–432. [CrossRef]
50. Kubra, K.T.; Uddin, M.A.; Akhter, M.S.; Barabutis, N. P53 is Subjected to Lipoteichoic Acid-Induced Phosphorylation in the

Lungs. TH Open 2020, 4, e173–e174. [CrossRef]
51. Akhter, M.S.; Uddin, M.A.; Barabutis, N. Unfolded protein response regulates P53 expression in the pulmonary endothelium. J.

Biochem. Mol. Toxicol. 2019, 33, e22380. [CrossRef] [PubMed]
52. Lin, C.K.; Lin, Y.H.; Huang, T.C.; Shi, C.S.; Yang, C.T.; Yang, Y.L. VEGF mediates fat embolism-induced acute lung injury via

VEGF receptor 2 and the MAPK cascade. Sci. Rep. 2019, 9, 11713. [CrossRef] [PubMed]
53. Zhu, H.; Dai, R.; Zhou, Y.; Fu, H.; Meng, Q. TLR2 Ligand Pam3CSK4 Regulates MMP-2/9 Expression by MAPK/NF-kappaB

Signaling Pathways in Primary Brain Microvascular Endothelial Cells. Neurochem. Res. 2018, 43, 1897–1904. [CrossRef]
54. He, H.; Guo, F.; Li, Y.; Saaoud, F.; Kimmis, B.D.; Sandhu, J.; Fan, M.; Maulik, D.; Lessner, S.; Papasian, C.J.; et al. Adiporedoxin

suppresses endothelial activation via inhibiting MAPK and NF-kappaB signaling. Sci. Rep. 2016, 6, 38975. [CrossRef]
55. Yang, D.; Liu, J.; Tian, C.; Zeng, Y.; Zheng, Y.H.; Fang, Q.; Li, H.H. Epigallocatechin gallate inhibits angiotensin II-induced

endothelial barrier dysfunction via inhibition of the p38 MAPK/HSP27 pathway. Acta Pharmacol. Sin. 2010, 31, 1401–1406.
[CrossRef]

56. Birukova, A.A.; Birukov, K.G.; Gorshkov, B.; Liu, F.; Garcia, J.G.; Verin, A.D. MAP kinases in lung endothelial permeability
induced by microtubule disassembly. Am. J. Physiol. Lung Cell Mol. Physiol. 2005, 289, L75–L84. [CrossRef]

57. Lu, Z.; Li, Y.; Jin, J.; Zhang, X.; Lopes-Virella, M.F.; Huang, Y. Toll-like receptor 4 activation in microvascular endothelial cells
triggers a robust inflammatory response and cross talk with mononuclear cells via interleukin-6. Arterioscler. Thromb. Vasc. Biol.
2012, 32, 1696–1706. [CrossRef]

58. Fang, W.; Bi, D.; Zheng, R.; Cai, N.; Xu, H.; Zhou, R.; Lu, J.; Wan, M.; Xu, X. Identification and activation of TLR4-mediated
signalling pathways by alginate-derived guluronate oligosaccharide in RAW264.7 macrophages. Sci. Rep. 2017, 7, 1663. [CrossRef]
[PubMed]

http://doi.org/10.1074/jbc.RA118.006601
http://doi.org/10.1073/pnas.0812256106
http://doi.org/10.1073/pnas.0403062101
http://doi.org/10.1517/13543784.2012.696609
http://www.ncbi.nlm.nih.gov/pubmed/22694351
http://doi.org/10.1128/MCB.00670-13
http://www.ncbi.nlm.nih.gov/pubmed/24190973
http://doi.org/10.1021/pr400321x
http://www.ncbi.nlm.nih.gov/pubmed/23763277
http://doi.org/10.3324/haematol.2015.126557
http://www.ncbi.nlm.nih.gov/pubmed/25820332
http://doi.org/10.1007/978-1-4939-7477-1_29
http://www.ncbi.nlm.nih.gov/pubmed/29177675
http://doi.org/10.3390/ijms21134740
http://doi.org/10.1165/rcmb.2012-0496OC
http://doi.org/10.1165/rcmb.2007-0324OC
http://www.ncbi.nlm.nih.gov/pubmed/18474672
http://doi.org/10.1007/s10753-019-01150-7
http://www.ncbi.nlm.nih.gov/pubmed/31838664
http://doi.org/10.1016/j.jphs.2019.09.008
http://www.ncbi.nlm.nih.gov/pubmed/31607444
http://doi.org/10.1002/cm.21604
http://doi.org/10.1080/15384101.2019.1708575
http://doi.org/10.1530/VB-20-0004
http://doi.org/10.1016/j.cyto.2018.10.020
http://doi.org/10.1055/s-0040-1714695
http://doi.org/10.1002/jbt.22380
http://www.ncbi.nlm.nih.gov/pubmed/31339623
http://doi.org/10.1038/s41598-019-47276-4
http://www.ncbi.nlm.nih.gov/pubmed/31406128
http://doi.org/10.1007/s11064-018-2607-7
http://doi.org/10.1038/srep38975
http://doi.org/10.1038/aps.2010.75
http://doi.org/10.1152/ajplung.00447.2004
http://doi.org/10.1161/ATVBAHA.112.251181
http://doi.org/10.1038/s41598-017-01868-0
http://www.ncbi.nlm.nih.gov/pubmed/28490734


Pharmaceuticals 2021, 14, 522 14 of 14

59. Brandao, S.C.S.; Ramos, J.O.X.; Dompieri, L.T.; Godoi, E.; Figueiredo, J.L.; Sarinho, E.S.C.; Chelvanambi, S.; Aikawa, M. Is Toll-like
receptor 4 involved in the severity of COVID-19 pathology in patients with cardiometabolic comorbidities? Cytokine Growth
Factor Rev. 2020, 58, 102–110. [CrossRef]

60. Chatterjee, A.; Dimitropoulou, C.; Drakopanayiotakis, F.; Antonova, G.; Snead, C.; Cannon, J.; Venema, R.C.; Catravas, J.D. Heat
shock protein 90 inhibitors prolong survival, attenuate inflammation, and reduce lung injury in murine sepsis. Am. J. Respir. Crit.
Care Med. 2007, 176, 667–675. [CrossRef]

61. Bishop, J.L.; Thaper, D.; Zoubeidi, A. The Multifaceted Roles of STAT3 Signaling in the Progression of Prostate Cancer. Cancers
2014, 6, 829–859. [CrossRef]

62. Alsaffar, H.; Martino, N.; Garrett, J.P.; Adam, A.P. Interleukin-6 promotes a sustained loss of endothelial barrier function via
Janus kinase-mediated STAT3 phosphorylation and de novo protein synthesis. Am. J. Physiol. Cell Physiol. 2018, 314, C589–C602.
[CrossRef]

63. Yun, J.H.; Park, S.W.; Kim, K.J.; Bae, J.S.; Lee, E.H.; Paek, S.H.; Kim, S.U.; Ye, S.; Kim, J.H.; Cho, C.H. Endothelial STAT3 Activation
Increases Vascular Leakage Through Downregulating Tight Junction Proteins: Implications for Diabetic Retinopathy. J. Cell
Physiol. 2017, 232, 1123–1134. [CrossRef]

64. Shah, M.; Patel, K.; Fried, V.A.; Sehgal, P.B. Interactions of STAT3 with caveolin-1 and heat shock protein 90 in plasma membrane
raft and cytosolic complexes. Preservation of cytokine signaling during fever. J. Biol. Chem. 2002, 277, 45662–45669. [CrossRef]
[PubMed]

65. Saleh, A.; Shan, L.; Halayko, A.J.; Kung, S.; Gounni, A.S. Critical role for STAT3 in IL-17A-mediated CCL11 expression in human
airway smooth muscle cells. J. Immunol. 2009, 182, 3357–3365. [CrossRef] [PubMed]

66. Shiloh, Y. ATM and related protein kinases: Safeguarding genome integrity. Nat. Rev. Cancer 2003, 3, 155–168. [CrossRef]
67. Magnussen, H.M.; Ahmed, S.F.; Sibbet, G.J.; Hristova, V.A.; Nomura, K.; Hock, A.K.; Archibald, L.J.; Jamieson, A.G.; Fushman, D.;

Vousden, K.H.; et al. Structural basis for DNA damage-induced phosphoregulation of MDM2 RING domain. Nat. Commun. 2020,
11, 2094. [CrossRef] [PubMed]

68. Cheng, Q.; Chen, J. Mechanism of p53 stabilization by ATM after DNA damage. Cell Cycle 2010, 9, 472–478. [CrossRef]
69. Mei, L.; Zhang, J.; He, K.; Zhang, J. Ataxia telangiectasia and Rad3-related inhibitors and cancer therapy: Where we stand. J.

Hematol. Oncol. 2019, 12, 43. [CrossRef]
70. Kawanishi, S.; Ohnishi, S.; Ma, N.; Hiraku, Y.; Murata, M. Crosstalk between DNA Damage and Inflammation in the Multiple

Steps of Carcinogenesis. Int. J. Mol. Sci. 2017, 18, 1808. [CrossRef]
71. Koll, T.T.; Feis, S.S.; Wright, M.H.; Teniola, M.M.; Richardson, M.M.; Robles, A.I.; Bradsher, J.; Capala, J.; Varticovski, L. HSP90

inhibitor, DMAG, synergizes with radiation of lung cancer cells by interfering with base excision and ATM-mediated DNA repair.
Mol. Cancer Ther. 2008, 7, 1985–1992. [CrossRef]

72. Kaser, A.; Lee, A.H.; Franke, A.; Glickman, J.N.; Zeissig, S.; Tilg, H.; Nieuwenhuis, E.E.; Higgins, D.E.; Schreiber, S.; Glimcher,
L.H.; et al. XBP1 links ER stress to intestinal inflammation and confers genetic risk for human inflammatory bowel disease. Cell
2008, 134, 743–756. [CrossRef]

73. Hetz, C.; Zhang, K.; Kaufman, R.J. Mechanisms, regulation and functions of the unfolded protein response. Nat. Rev. Mol. Cell
Biol. 2020, 21, 421–438. [CrossRef]

74. Wang, J.M.; Qiu, Y.; Yang, Z.; Kim, H.; Qian, Q.; Sun, Q.; Zhang, C.; Yin, L.; Fang, D.; Back, S.H.; et al. IRE1alpha prevents hepatic
steatosis by processing and promoting the degradation of select microRNAs. Sci. Signal. 2018, 11. [CrossRef] [PubMed]

75. Yang, L.; Calay, E.S.; Fan, J.; Arduini, A.; Kunz, R.C.; Gygi, S.P.; Yalcin, A.; Fu, S.; Hotamisligil, G.S. METABOLISM. S-Nitrosylation
links obesity-associated inflammation to endoplasmic reticulum dysfunction. Science 2015, 349, 500–506. [CrossRef] [PubMed]

76. Urra, H.; Henriquez, D.R.; Canovas, J.; Villarroel-Campos, D.; Carreras-Sureda, A.; Pulgar, E.; Molina, E.; Hazari, Y.M.; Limia,
C.M.; Alvarez-Rojas, S.; et al. IRE1alpha governs cytoskeleton remodelling and cell migration through a direct interaction with
filamin A. Nat. Cell Biol. 2018, 20, 942–953. [CrossRef]

77. Marcu, M.G.; Doyle, M.; Bertolotti, A.; Ron, D.; Hendershot, L.; Neckers, L. Heat shock protein 90 modulates the unfolded protein
response by stabilizing IRE1alpha. Mol. Cell Biol. 2002, 22, 8506–8513. [CrossRef] [PubMed]

78. Ota, A.; Wang, Y. Cdc37/Hsp90 protein-mediated regulation of IRE1alpha protein activity in endoplasmic reticulum stress
response and insulin synthesis in INS-1 cells. J. Biol. Chem. 2012, 287, 6266–6274. [CrossRef] [PubMed]

79. Davenport, E.L.; Moore, H.E.; Dunlop, A.S.; Sharp, S.Y.; Workman, P.; Morgan, G.J.; Davies, F.E. Heat shock protein inhibition
is associated with activation of the unfolded protein response pathway in myeloma plasma cells. Blood 2007, 110, 2641–2649.
[CrossRef]

80. Hsueh, Y.S.; Chang, H.H.; Chiang, N.J.; Yen, C.C.; Li, C.F.; Chen, L.T. MTOR inhibition enhances NVP-AUY922-induced
autophagy-mediated KIT degradation and cytotoxicity in imatinib-resistant gastrointestinal stromal tumors. Oncotarget 2014, 5,
11723–11736. [CrossRef]

81. Barabutis, N.; Dimitropoulou, C.; Birmpas, C.; Joshi, A.; Thangjam, G.; Catravas, J.D. p53 protects against LPS-induced lung
endothelial barrier dysfunction. Am. J. Physiol. Lung Cell Mol. Physiol. 2015, 308, L776–L787. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cytogfr.2020.09.002
http://doi.org/10.1164/rccm.200702-291OC
http://doi.org/10.3390/cancers6020829
http://doi.org/10.1152/ajpcell.00235.2017
http://doi.org/10.1002/jcp.25575
http://doi.org/10.1074/jbc.M205935200
http://www.ncbi.nlm.nih.gov/pubmed/12235142
http://doi.org/10.4049/jimmunol.0801882
http://www.ncbi.nlm.nih.gov/pubmed/19265112
http://doi.org/10.1038/nrc1011
http://doi.org/10.1038/s41467-020-15783-y
http://www.ncbi.nlm.nih.gov/pubmed/32350255
http://doi.org/10.4161/cc.9.3.10556
http://doi.org/10.1186/s13045-019-0733-6
http://doi.org/10.3390/ijms18081808
http://doi.org/10.1158/1535-7163.MCT-07-2104
http://doi.org/10.1016/j.cell.2008.07.021
http://doi.org/10.1038/s41580-020-0250-z
http://doi.org/10.1126/scisignal.aao4617
http://www.ncbi.nlm.nih.gov/pubmed/29764990
http://doi.org/10.1126/science.aaa0079
http://www.ncbi.nlm.nih.gov/pubmed/26228140
http://doi.org/10.1038/s41556-018-0141-0
http://doi.org/10.1128/MCB.22.24.8506-8513.2002
http://www.ncbi.nlm.nih.gov/pubmed/12446770
http://doi.org/10.1074/jbc.M111.331264
http://www.ncbi.nlm.nih.gov/pubmed/22199355
http://doi.org/10.1182/blood-2006-11-053728
http://doi.org/10.18632/oncotarget.2607
http://doi.org/10.1152/ajplung.00334.2014
http://www.ncbi.nlm.nih.gov/pubmed/25713322

	Introduction 
	Results 
	AUY-922 Inhibits the Activation of ERK1/2 Pathway by LPS 
	AUY-922 Counteracts the LPS-Induced Phosphorylation of the P38 MAPK Pathway 
	AUY-922 Suppresses the LPS-Induced Activation of JAK2/STAT3 Pathway 
	AUY-922 Counteracts the LPS-Induced IL-1, IL-6, MCP-1 and TNF- Expression 
	LPS Induces the Expression Levels of APE1/Ref1 and AUY-922 Exerts the Opposite Effects 
	AUY-922 Suppresses the Levels of the LPS-Induced ATR Phosphorylation 
	AUY-922 Reduces the Expression Levels of the Phosphorylated ATM 
	AUY-922 Counteracts the LPS-Induced Suppression of pAMPK 
	AUY-922 Suppresses the LPS-Induced Deactivation of IRE1 
	Effects of AUY-922 on LPS-Induced Body Weight Reduction and BALF Protein Concentration 

	Discussion 
	Materials and Methods 
	Reagents 
	Animals 
	In Vivo Treatments 
	Collection of BALF and Total Protein Measurement 
	Western Blot Analysis 
	Densitometry and Statistical Analysis 

	Conclusions 
	References

