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Abstract
Growth hormone releasing hormone (GHRH) antagonists enhance endothelial barrier function and counteract the LPS-
induced lung endothelial hyperpermeability, the cardinal feature of the acute respiratory distress syndrome (ARDS). The 
unfolded protein response (UPR) is a multifaceted molecular mechanism, strongly involved in tissue defense against injury. 
The current study introduces the induction of UPR by GHRH antagonists, since those peptides induced several UPR activa-
tion markers, including the inositol-requiring enzyme-1α (IRE1α), the protein kinase RNA-like ER kinase (PERK), and the 
activating transcription factor 6 (ATF6). On the other hand, the GHRH agonist MR-409 exerted the opposite effects. Further-
more, GHRH antagonists counteracted the kifunensine (UPR suppressor)-induced lung endothelial barrier dysfunction. Our 
observations suggest that UPR mediates, at least in part, the protective effects of GHRH antagonists in the lung microvas-
culature. To the best of our knowledge; this is the first study to provide experimental evidence in support of the hypothesis 
that UPR induction is a novel mechanism by which GHRH antagonists oppose severe human disease, including ARDS.
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Introduction

Growth hormone releasing hormone (GHRH) is a hypotha-
lamic hormone which regulates the release of growth hor-
mone (GH) from the anterior pituitary gland. The effects of 
GHRH are mediated by the pituitary type GHRH receptor 
(pGHRH-R), primarily expressed in the somatotrophs of the 
pituitary gland. Active splice variants of the human GHRH-
R have been identified in a diverse variety of human tissues, 
suggesting that the effects of GHRH in human physiology 
are not limited to the hypothalamic–pituitary–somatotropic 
axis (Barabutis 2020b).

GHRH possesses growth factor activities in cancers, 
since the activation of the GHRH receptor by this neuro-
peptide induces cancer promotion and metastasis; both 
in vivo and in vitro (Barabutis 2020a). The silencing of 
the intrinsic GHRH expression in human lung, prostate 
and breast cancers strongly suppresses their proliferation 
(Barabutis and Schally 2008). GHRH antagonists block the 
effects of GHRH in both cancerous and non-cancerous cell 
lines (Barabutis and Siejka 2020). The protective effects of 
those compounds in human tissues have been associated 
with strong anti-inflammatory and anti-oxidative properties 
(Schally et al. 2019).

GHRH antagonists suppress major inflammatory path-
ways, including the extracellular signal-regulated kinases 
1/2 (ERK1/2) (Barabutis et al. 2010) and Janus kinase 2/
signal transducers and activators of transcription 3 (JAK2/
STAT3) (Siejka et al. 2010). Furthermore, those peptides 
reduce the generation of the reactive oxygen and nitrogen 
species, the expression of the inducible nitric oxide syn-
thase (iNOS), as well as the levels of protein and lipid oxi-
dation (Barabutis et al. 2011, 2020). In bovine pulmonary 
artery endothelial cells (BPAECs), the GHRH antagonist 
MIA-602 induced P53 expression, suppressed F-actin fibers, 
and deactivated the actin-severing activity of cofilin. Those 
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events resulted to the endothelial barrier enhancement. On 
the other hand, the GHRH agonist MR-409 increased the 
lung endothelial permeability, by counteracting the previous 
MIA-602—triggered effects. Vascular barrier dysfunction 
and pulmonary edema is the cardinal feature of the acute 
respiratory distress syndrome (ARDS), including the ARDS 
related to SARS-CoV-2 (Hariri and Hardin 2020; Romagnoli 
et al. 2020; Uddin et al. 2019b).

UPR senses cellular stresses, to devise carefully orches-
trated tissue repairing processes. It consists of the pro-
tein kinase RNA-like ER kinase (PERK), the activating 
transcription factor 6 (ATF6), and the inositol-requiring 
enzyme-1α (IRE1α). Those elements are closely related to 
the binding immunoglobulin protein (BiP), which is released 
upon endoplasmic reticulum stress increases (Barabutis 
2020d). Moreover, the protein disulfide isomerase (PDI) and 
endoplasmic reticulum oxidoreductin 1- L alpha (ERO1-Lα) 
are markers of UPR induction. UPR activation induces P53 
(Akhter et al. 2019). The goal of the present study is to intro-
duce the effects of GHRH analogs in UPR activation, as it 
relates to the vascular barrier function. The new informa-
tion will most probably reveal new investigative avenues in 
the development of medical countermeasures against lung 
inflammatory disease, including ARDS.

Materials and methods

Reagents

Kifunensine (KIF) (IC15995201), anti-rabbit IgG HRP-
linked antibody (95017-556), nitrocellulose membranes 
(10063-173) and RIPA buffer (AAJ63306-AP) were 
obtained from VWR (Radnor, PA). The IRE1α (3294), 
phospho-PERK (3179), PERK (5683), ATF6 (65880), BiP 
(3183), PDI (2446), ERO1-Lα (3264), phospho-MLC2 
(3674), MLC2 (3672), phospho-cofilin (3313) and cofilin 
(3318) antibodies were purchased from Cell Signaling (Dan-
vers, MA). The β-actin antibody (A5441) was obtained from 
Sigma-Aldrich (St Louis, MO). The phospho-IRE1α anti-
body (PA1-16927) was purchased from Thermo Fisher Sci-
entific (Waltham, MA), and the GHRH antagonist Acetyl-
(D-Arg2)-GRF (1-29) amide (human) trifluoroacetate salt 
(4030691) from Bachem (Torrance, CA). The peptides MIA-
602 and MR-409 were synthesized in AVS laboratory.

Cell culture

BPAECs (PB30205) were purchased from Genlantis (San 
Diego, CA). The cells were cultured in DMEM medium sup-
plemented with 10% fetal bovine serum, and 1X penicillin/
streptomycin. Cultures were kept in a humidified atmosphere 
of 5%  CO2/95% air and 37 °C temperature.

Measurement of endothelial barrier function

The barrier function of the endothelial monolayer was 
estimated by the electric cell-substrate impedance sens-
ing (ECIS), utilizing ECIS model ZΘ (Applied Biophysics, 
Troy, NY, USA) (Akhter et al. 2020a).

Western blot analysis

Proteins were extracted from cells using RIPA buffer and 
were separated by electrophoresis on 8% sodium dodecyl 
sulfate (SDS-PAGE) Tris–HCl gels. Those proteins were 
transferred onto nitrocellulose membranes, and were incu-
bated at room temperature in a solution of 5% non-fat dry 
milk in Tris-buffered saline for an hour. Those membranes 
were exposed overnight to the appropriate primary anti-
bodies (1:1000) at 4 °C. Next day, the blots were incubated 
with the corresponding secondary antibodies (1:2000) to 
develop signals for the immunoreactive proteins. Those 
signals were visualized in a ChemiDoc™ Touch Imaging 
System from Bio-Rad (Hercules, CA). The β-actin was 
used as a loading control unless indicated otherwise.

Densitometry and statistical analysis

Image J software (NIH) was used to perform densitometry 
of immunoblots. All data are expressed as mean ± SEM 
(standard error of mean). Student’s t test was used to deter-
mine statistically significant differences among the groups. 
A value of P < 0.05 was considered significant. GraphPad 
Prism (version 5.01) was used to analyze data. The letter 
n represents the number of experimental repeats.

Results

Regulation of IRE1α by GHRH analogs in the lungs

BPAECs were treated with vehicle (0.01% DMSO), or 
MIA-602 (0.5, 1 μΜ), or MR-409 (0.5, 1 μΜ) for 8 h. The 
results demonstrate that MIA-602 significantly increased 
the phosphorylation of IRE1α. In contrast, MR-409 sup-
pressed IRE1α phosphorylation (Fig. 1a).

Regulation of PERK by GHRH analogs in the lungs

The bovine cells were treated with vehicle (0.01% DMSO), 
or MIA-602 (0.5, 1 μΜ), or MR-409 (0.5, 1 μΜ). MIA-602 
significantly induced the activation of PERK at both doses 
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Fig. 1  Effects of GHRH analogs on UPR activation and lung 
endothelial barrier function: Western blot analysis of a pIRE1α and 
IRE1α, b pPERK and PERK, c cATF6 and β-actin, d BiP and β-actin, 
e PDI and β-actin, and f ERO1-Lα and β-actin after treatment of 
BPAECs with either vehicle (0.01% DMSO), or MIA-602 (0.5  µM 
and 1  µM), or MR-409 (0.5  µM and 1  µM) for 8  h. Each blot rep-
resents 3 independent experiments. The signal intensity of pIRE1α, 
pPERK, cATF6, BiP, PDI, and ERO1-Lα bands was analyzed by 
densitometry. Protein levels were normalized to β-actin, unless stated 
otherwise in the signal intensity graph. *P < 0.05, **P < 0.01 ver-
sus vehicle. Mean ± SEM. g Confluent monolayers of BPAEC were 
pre-treated with either vehicle (0.01% DMSO) or GHRH antagonist 
(GHRHAnt) (1 μM) for 8 h, followed by treatment with either vehicle 
(0.01% DMSO) or 25 μM of KIF (black arrow). A gradual increase 

in TEER values (decreased permeability) was observed in the cells 
treated with the GHRH antagonist (green line). Those cells treated 
with KIF (red line) exerted a gradual decrease in their TEER values 
(increased permeability). However, those lung cells that were pre-
treated with the GHRH antagonist were protected against the KIF-
induced barrier dysfunction (blue line). N = 3, Mean ± SE. Western 
blot analysis of h pMLC2 and MLC2, i pCofilin and Cofilin. BPAECs 
were pre-treated with either vehicle (0.01% DMSO) or kifunensine 
(KIF) (2 µM) for 24 h, and consequently treated with either vehicle 
(0.01% DMSO) or MIA-602 (1 µM) for 8 h. Each blot represents 3 
independent experiments. The signal intensity of protein bands was 
analyzed by densitometry. Protein levels of pMLC2 and pCofilin were 
normalized MLC2 and Cofilin respectively. *P < 0.05, **P < 0.01 
versus vehicle. Mean ± SEM
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after 8 h of treatment. Conversely, PERK activation was 
suppressed by MR-409 (Fig. 1b).

Regulation of ATF6 by GHRH analogs in the lungs

BPAECs were treated with vehicle (0.01% DMSO), or MIA-
602 (0.5, 1 μΜ) or MR-409 (0.5, 1 μΜ) for 8 h. MIA-602 
induced the cATF6 expression levels, while MR-409 exerted 
the opposite effects (Fig. 1c).

Regulation of BiP, PDI and ERO1‑Lα by GHRH 
analogs in the lungs

Lung cells were treated with vehicle (0.01% DMSO), or 
MIA-602 (0.5, 1 μΜ), or MR-409 (0.5, 1 μΜ). The results 
demonstrate that the GHRH antagonist MIA-602 sig-
nificantly enhanced the UPR markers BiP (Fig. 1d), PDI 
(Fig. 1e) and ERO1-Lα (Fig. 1f) after 8 h of treatment. On 
the other hand, MR-409 reduced the UPR levels, as reflected 
in the expression of all three markers.

GHRH antagonists protect against kifunensine 
(KIF)‑induced lung endothelial hyperpermeability

Confluent monolayers of BPAECs were pre-treated with 
vehicle (0.01% DMSO) or GHRH antagonist (1 µM) for 
8 h, and then treated with vehicle (0.01% DMSO) or KIF 
(25 µM). GHRH antagonist increased the transendothe-
lial resistance (TEER) (decreased permeability) of those 
cells. On the other hand, KIF reduced their TEER, indi-
cated hyper-permeability responses (Fig. 1g). Those cells 
that were pre-treated with the GHRH antagonist were pro-
tected against the KIF-induced endothelial hyper-permea-
bility. Moreover, BPAECs were treated with vehicle (0.01% 
DMSO) or KIF (2 µM) for 24 h prior to vehicle (0.01% 
DMSO) or the GHRH antagonist MIA-602 (1 µM) exposure 
(8 h). MIA-602 significantly reduced the KIF-induced phos-
phorylation of MLC2 (Fig. 1h), and suppressed the activa-
tion (de-phosphorylation) of cofilin by KIF (Fig. 1i).

Discussion

UPR activation exerts a prominent role in the maintenance 
of the pulmonary (Akhter et al. 2020a; Barabutis 2020d) 
and cardiovascular system (Hetz et al. 2019; Kubra et al. 
2020a). PERK-knockout mice significantly exacerbate the 
transverse aortic constriction (TAC)-induced lung vascular 
remodeling and lung fibrosis (Liu et al. 2014), while the 
impaired (mutated) form of BiP causes abnormal secretion 
of the pulmonary surfactant. Mice expressing mutant BiP 
were subjected to respiratory failure due to reduced expres-
sion of surfactant protein C (Mimura et al. 2007). We have 

recently shown that the UPR suppressor Kifunensine weak-
ened the endothelial barrier function in a dose- and time-
dependent manner (Akhter et al. 2020a).

Moreover, it was speculated that the protective activi-
ties of the heat shock protein 90 (Hsp90) inhibitors against 
the LPS-induced lung injury are at least partially mediated 
due to UPR activation. The Hsp90 inhibitors AUY-922 and 
17-AAG induced the expression of all three UPR branches 
(IRE1α, PERK and ATF6) in bovine and mice lung cells 
both in vivo and in vitro (Kubra et al. 2020b; Uddin et al. 
2020). Hence, it was suggested that the anti-inflamma-
tory activities of those compounds in the lung microvas-
culature are associated to UPR induction. Later on it was 
revealed that the AUY-922 opposed the kifunensine (UPR 
suppressor)-induced lung endothelial hyperpermeability, 
suggesting that UPR modulation is a master regulator of 
vascular barrier function (Kubra et al. 2020c).

UPR mediates a wide variety of signaling processes 
including ER-associated degradation (ERAD), apoptosis 
and autophagy, dictating cellular fate during stress condi-
tion (Akhter et  al. 2020c). Our results demonstrate that 
the GHRH antagonist MIA-602 induced the activation of 
IRE1α (Fig. 1a), PERK (Fig. 1b) and ATF6 (Fig. 1c), while 
the GHRH agonist MR-409 exerted the opposite effects 
(Fig. 1a, b, c). Furthermore, we evaluated the expression 
of BiP (Fig. 1d), ERO1-Lα (Fig. 1f) and PDI (Fig. 1e) in 
cells treated with MIA-602 or the GHRH agonist MR-409. 
ERO1-Lα catalyzes the formation of disulfide bonds into 
the ER resident proteins, and PDI is a redox ER chaperone 
which acts to repair misfolded proteins (Barabutis 2020d). It 
appears that MIA-602 induced BiP, PDI and ERO1-La, while 
the GHRH agonist MR-409 exerted the opposite effects.

P53 is a tumor suppressor protein which regulates 
essential biological processes, including cell cycle arrest, 
DNA repair, senescence and apoptosis. It also supports 
the vasculature against inflammation by suppressing the 
inflammatory apurinic/apyrimidinic endonuclease 1/redox 
effector factor 1 (APE1/Ref1) (Uddin et al. 2019a), RhoA 
(Barabutis et al. 2018), NF-kB (Barabutis 2020c), and lipid 
peroxidation (Akhter et al. 2020b). Moreover this transcrip-
tion factor (P53) sabotaged the actin severing activity of 
cofilin (Barabutis et al. 2018). Recent observations report 
that GHRH antagonists are P53 inducers and vascular bar-
rier enhancers (Uddin et al. 2019b).

Cofilin is an actin-binding protein that depolymerizes 
filamentous actin (F-actin), and generates free filaments that 
are accessible to globular actin (G-actin). Activated cofilin 
reduces tight junction proteins, and increases permeability 
(Kubra et al. 2020a). The present study provides evidence 
that GHRH antagonists significantly decreased the activation 
of cofilin due to kifunensine treatment (Fig. 1i). Moreover, 
MIA-602 suppressed the kifunensine-induced phosphoryla-
tion of myosin light chain 2 (MLC2) (Fig. 1h), and opposed 
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the kifunensine-induced endothelial barrier dysfunction 
(Fig.  1g). Phosphorylated MLC2 induces the formation 
of F-actin fiber, increasing the endothelial permeability. 
Remarkably, lung cells treated with the GHRH antagonist 
(GHRHAnt) were protected against the kifunensine-induced 
lung endothelial barrier dysfunction, as indicated by meas-
urements of transendothelial resistance (TEER) (Fig. 1g).

To the best of our knowledge, this is the first study to 
provide experimental evidence in support of the hypoth-
esis that UPR mediates the protective activities of GHRH 
antagonists in the lung microvasculature. Future studies will 
delineate the exact UPR branches which mediate the protec-
tive effects of those analogs in a diverse variety of human 
tissues, including the lungs.
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