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ARTICLE INFO ABSTRACT

Keywords: Idiopathic pulmonary fibrosis is a fatal lung disorder in which the etiology and pathogenesis are still unobvious.
Bleomycin Effective treatments are urgently needed considering that lung transplantation is the only treatment that could
Nifuroxazide improve outcomes. This study aimed to investigate the therapeutic significance of the dual administration of
Pimitespib pimitespib, an HSP90 inhibitor, and nifuroxazide, a STAT3 inhibitor, against bleomycin-induced pulmonary
STAT3

Abbreviations: BALF, bronchoalveolar lavage fluid; CREB, cAMP response element-binding protein; ECM, extracellular matrix; EE, entrapment efficiency; HIF-1a,
hypoxia-inducible factor-1a; HSP90, heat shock protein 90; IL-6, interleukin-6; IPF, idiopathic pulmonary fibrosis; LDH, lactate dehydrogenase; MMP-1, matrix
metalloproteinase-1; mTOR, mammalian target of rapamycin; NOx, total nitrite and nitrate; NFX, nifuroxazide; p300 HAT, histone acetyltransferase p300; PDGF-BB,
platelet derived growth factor-BB; PIMI, pimitespib; STAT3, signal transducer and activator of transcription 3; TGF-p, transforming growth factor-g; TIMP-1, tissue
inhibitor of metalloproteinase-1; TNF-a, tumor necrosis factor-a.
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fibrosis in rats. Our results revealed that pimitespib/nifuroxazide inhibited bleomycin-induced alterations in the
structure and the function of the lungs. They demonstrated significant decreases in the BALF total and differential

cell counts, LDH activity, and total protein. Concurrently, there was a reduction in the accumulation of collagen
as proved by decreased hydroxyproline and the gene expression of COL1A1 accompanied by lower levels of
PDGF-BB, TIMP-1, and TGF-B. The levels of IL-6 were also downregulated. Pimitespib-induced inhibition of
HSP90 led to subsequent inhibition of HIF-1a and STAT3 client proteins since the closed HSP90 would not
enclose its client proteins. Therefore, pimitespib resulted in the repression of HIF-1a/CREB-p300 HAT as well as
the STAT3/CREB-p300 HAT nuclear interactions. On the other hand, nifuroxazide resulted in a notable decline in
pSTAT3 and HIF-1a levels. Subsequently, the combined effects of both drugs led to a substantial reduction in
ECM deposition. Herein, pimitespib augmented nifuroxazide-induced disruption in the IL-6/STAT3/HIF-1a
autocrine loop. Our findings also disclose that this novel loop is a promising therapeutic attack site for possible
pulmonary fibrosis repression studies. Therefore, the use of pimitespib/nifuroxazide embodies an evolutionary
perspective in managing pulmonary fibrosis.

1. Introduction

Pulmonary fibrosis (PF) is a progressive fatal lung disease associated
with difficulty in respiration, disrupted lung functions [1,2], irreversible
respiratory failure, and ultimately death [3]. Idiopathic pulmonary
fibrosis (IPF), a severe form of PF with unknown etiology, has a life
expectancy of 2-6 years after diagnosis [4]. IPF is characterized by
deterioration of the alveolar structure, increased fibroblast proliferation,
and increased deposition of extracellular matrix (ECM) [5]. Age, male
sex, and comorbidities such as diabetes and hypertension are among the
risk factors for IPF. Besides, patients with IPF who are debilitated by
lowered pulmonary reserve are believed to be more susceptible to
infection with COVID-19 than the general population [6]. Despite
extensive efforts, the etiology and pathogenesis of the disease are still
unobvious. Lung transplantation is the only treatment that could
improve outcomes. Owing to many challenges that could face trans-
plantation, effective treatments with minimal side effects are urgently
needed [7].

Bleomycin-induced PF is a well-established animal model that is
widely used due to its reproducibility and ability to reflect many features
of IPF [8]. It has been documented that the production of pro-i-
nflammatory cytokines comprising tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6), transforming growth factor-p (TGF-p), and oxida-
tive stress are implicated in the pathogenesis of bleomycin-induced PF
[9]. IL-6 prompts the activation of Janus kinases and finally signal
transducer and activator of transcription 3 (STAT3), which is a dormant
cytoplasmic transcription factor. Additionally, IL-6 provokes several
responses, both pro-inflammatory and pro-fibrotic, based upon the
pathological condition [10,11]. Earlier studies reported that IL-6 is
elevated in mouse models of bleomycin-induced PF [12] and lungs of
patients with IPF [13]. Thus, targeting IL-6 and the subsequent inhibi-
tion of STAT3 could offer an alternative therapy to PF. Nifuroxazide
(NFX) is an oral nitrofuran broad-spectrum antibacterial. It is commonly
used as an intestinal disinfectant for the treatment of infectious diarrhea
or colitis [14]. Nifuroxazide has been described as a STAT3 inhibitor,
which prompts the expression of multiple genes, comprising
pro-inflammatory genes [15]. Moreover, a recent study reported that
nifuroxazide ameliorates PF by blocking myofibroblast genesis and
STAT3 activation [16]. Saber, et al. [17] clearly described the impor-
tance of cubosomes as a drug delivery system in enhancing the
bioavailability of nifuroxazide where they showed that the mean rela-
tive bioavailability of cubosomal dispersion was two-fold higher in
terms of AUC 0-a. Additionally, they showed that nifuroxazide-loaded
cubosomal dispersion significantly affects nifuroxazide concentration
and distribution in lung tissues compared to nifuroxazide suspension.

Hypoxia is a hallmark aspect of chronic tissue injury and fibrosis.
Mechanisms beyond hypoxia include inadequate blood supply, this is
attributed to vascular damage and incursion of high-oxygen-consuming
inflammatory cells. The microenvironmental nature of tissue hypoxia
induces the hypoxia-inducible factor-la (HIF-1a), the main transcrip-
tion factor controlling oxygen homeostasis [18,19]. It was anticipated

that heat shock protein 90 (HSP90) is a major regulator in HIF-1 acti-
vation because HIF-1 activity is inhibited in the presence of geldana-
mycin which is an HSP90 inhibitor. Pimitespib (PIMI) belongs to a novel
class of orally active selective inhibitors of HSP90a and § [20], which
revealed antitumor activity in a human non-small cell lung cancer
xenograft rat model without detectable ocular toxicities [21], and
demonstrated efficacy in preclinical models of adult T-cell leukemia
[22]. Indeed, other HSP9O0 inhibitors have been recently studied against
PF. It was proven that AUY-922 inhibits the development of nitrogen
mustard-induced PF by modifying the levels of profibrotic proteins,
reducing the expression and deposition of collagen and preserving the
lung dynamics [23]. Moreover, the HSP90 Inhibitor, AT13387, pro-
tected the alveolo-capillary barrier and prevented HCl-induced chronic
lung injury and pulmonary fibrosis [24].

This study aimed to investigate the therapeutic significance of the
dual administration of pimitespib and nifuroxazide against bleomycin-
induced PF with a particular emphasis on the STAT3/HIF-1la inter-
play. Herein, we propose that pimitespib, as adjunctive therapy, may
augment the antifibrotic effects of the STAT3 inhibitor nifuroxazide by
disrupting both the nuclear translocation of pSTAT3 and HIF-1a and
their interactions with histone acetyltransferase p300 (p300 HAT)/
cAMP response element-binding protein (CREB) co-activators. p300
HAT and CREB are two closely related transcriptional co-activating
proteins with similar structures. They interact with numerous tran-
scription factors and act to increase the expression of their target genes.
Additionally, p300 HAT and CREB are involved in the IL-6/STAT3
signaling [25,26]. Additionally, these genes have also been identified
as co-activators of HIF-1a [27,28] and thus, play a role in the stimulation
of hypoxia-inducible genes. In this study, nifuroxazide was prepared as a
cubosomal dispersion to maximize the bioavailability and lung delivery
of the drug as previously described [17].

2. Materials and methods
2.1. Materials

All materials, drugs, and assay kits and suppliers are described as
follows: bleomycin (bleocel®, 15 mg/vial) was supplied by Cell Pharm
GmbH (Bad Vilbel, Germany); nifuroxazide was supplied by Amoun
Pharmaceutical Company (Cairo, Egypt); pimitespib from Active Bio-
chem (China); phosphate-buffered saline, total nitrite/nitrate assay kit,
hydroxyproline assay kit, histone acetyltransferase activity (HAT) assay
kit, and LDH activity assay kit were provided by Sigma-Aldrich (St.
Louis, MO, USA); poloxamer 407 (p407) was obtained from Sigma-
Aldrich (Milwaukee, WI, USA); neutral-buffered formalin was ob-
tained from El-Gomhouria Co (Cairo, Egypt); RNAlater, Rneasy mini kit,
and reverse transcriptase were obtained from Qiagen (Germany); SYBR
green PCR master mix from Qiagen (USA); total protein content assay kit
was supplied by Spinreact, S.A./S.A.U. (Santa Coloma, Spain); platelet
derived growth factor-BB (PDGF-BB) assay kit, BCA protein assay Kkit,
nuclear extraction assay kit, and Bradford reagent were obtained from
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Abcam (Cambridge, UK); tissue inhibitor of metalloproteinase-1 (TIMP-
1) and IL-6 assay kit were provided by R&D systems (Minneapolis, MN,
USA); transforming growth factor beta (TGF-p) and heat shock protein
70 (HSP70) assay kits were supplied by MyBioSource Inc. (San Diego,
CA, USA); hypoxia-inducible factor-1a (HIF-1a) assay kit and tissue lysis
buffer were provided by Thermo Fisher Scientific Inc. (Rockford, USA);
TransAM pCREB transcription factor assay kit from Active Motif;
phospho-STAT3 (Tyr705) assay kit was supplied by RayBiotech (Nor-
cross, GA, USA); phospho-mTOR (S2448) assay kit was obtained from
Cell Signaling Technology (Massachusetts, USA); glyceryl monooleate
(GMO) from Gattefosse (France); formic acid, ammonium format, acetic
acid, ammonium acetate, acetonitrile, and methanol were obtained from
Fisher Scientific (Waltham, MA, USA).

2.2. Preparation of nifuroxazide-loaded cubosomal nanoparticles

Nifuroxazide-loaded cubosomal dispersions were prepared as
described previously [17]. The TEM (model JEM-2100, JEOL, Japan)
was used to observe the nanoparticles. A Zetasizer Nano ZS (Malvern
Instruments, UK) was used for the particle size and zeta potential mea-
surements. After separation of the unentrapped nifuroxazide, A vali-
dated LC-MS/MS method was used to analyze the obtained supernatant,
and the entrapment efficiency (EE percent) was calculated using the
equation: EE (%) = (total nifuroxazide - unentrapped nifurox-
azide)/total nifuroxazide.

2.3. Experimental study and treatment protocol

2.3.1. Animals

Male Sprague Dawley rats (6-8-week-old) weighing 210 + 15 g
purchased from Theodor Bilharz Research Institute were permitted to
acclimatize for one week before beginning experiments. The protocols
followed the guidelines of the Delta University for Science and Tech-
nology’s Institutional Animal Care and Use Committee; approval num-
ber (FPDU3520/4).

2.3.2. Pulmonary fibrosis rat model

Intraperitoneal injection (i.p.) of sodium thiopental (20 mg/kg) was
used to anesthetize the animals to make a midline neck incision with the
aid of a surgical blade. Then, using a 26-gauge needle, bleomycin (5 mg/
kg) in saline was deliberately infused into the exposed trachea followed
by repeated twisting of rats’ bodies while maintained at a reverse
Trendelenburg position to ensure that the solution is distributed uni-
formly throughout the lung tissue. As an antiseptic, a povidone-iodine
solution was applied to the sutured area.

2.3.3. Experimental design

Animals were randomly assigned to 7 groups as follows: 1) Normal
group; 2) PIMI group, rats received pimitespib (10 mg/kg/day; p.o./
four weeks); 3) NFX-cub group, rats received NFX-cub (20 mg/kg/day;
p-o./four weeks); 4) BLEO group, rats received intratracheal instillation
of Bleomycin (5 mg/kg); 5) BLEO/PIMI group, rats received intra-
tracheal instillation of Bleomycin and pimitespib (10 mg/kg/day; p.o./
four weeks); 6) BLEO/NFX-cub group, rats received intratracheal
instillation of Bleomycin and NFX-cub (20 mg/kg/day; p.o./four weeks);
7) BLEO/PIMI/NFX-cub group, rats received intratracheal instillation
of Bleomycin, pimitespib, and NFX-cub. The same anesthesia protocol
was used on all rats. A sham surgical operation and the intratracheal
instillation of saline were used on control rats. Bleomycin was intra-
tracheally instilled for once on the first day of the experiment. At the end
of the experimental protocol, rats were euthanized with secobarbital
(50 mg/kg; i.p.) (Table 1).

2.4. Collection of bronchoalveolar lavage fluid (BALF) and lung tissue

The BALF was collected (75% yield) as described by Saber, et al. [17]
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Table 1

Experimental design.
Exp. groups Day 1 Day 2-28
Normal Anesthetization protocol -

(n=28) Sham operation
Intratracheal instillation of
saline
PIMI Anesthetization protocol Pimitespib (10 mg/kg, p.o.)
(n=28) Sham operation
Intratracheal instillation of
saline
Pimitespib (10 mg/kg, p.o.)
NFX-cub Anesthetization protocol nifuroxazide-loaded
(n=28) Sham operation cubosomes (20 mg/kg; p.o.)

Intratracheal instillation of
saline
nifuroxazide-loaded cubosomes
(20 mg/kg; p.o.)
BLEO Anesthetization protocol -
(n =10) Surgical procedure
intratracheal instillation of
bleomycin (5 mg/kg)
Anesthetization protocol
Surgical procedure
intratracheal instillation of
bleomycin (5 mg/kg)
Pimitespib (10 mg/kg, p.o.)
BLEO/NFX- Anesthetization protocol
cub Surgical procedure

BLEO/PIMI
(n=28)

Pimitespib (10 mg/kg, p.o.)

nifuroxazide-loaded
cubosomes (20 mg/kg; p.o.)

(n=28) Intratracheal instillation of
bleomycin (5 mg/kg)
Nifuroxazide-loaded cubosomes
(20 mg/kg; p.o.)
BLEO/PIMI/ Anesthetization protocol Pimitespib (10 mg/kg, p.o.)
NFX-cub Surgical procedure Nifuroxazide-loaded
(n=28) Intratracheal instillation of cubosomes (20 mg/kg; p.o.)

bleomycin (5 mg/kg)
Pimitespib (10 mg/kg, p.o.)
Nifuroxazide-loaded cubosomes
(20 mg/kg; p.o.)

followed by centrifugation for 10 min at 2000 rpm/4 °C. The total and
differential cell counts were determined in the pellets after being sepa-
rated. Smeared preparation stained with Giemsa stain was used for 200
cells and employed for cell differentiation. After being excised, lung
tissues were rinsed with PBS and the left lungs were kept for 24 h in
formalin (4%). Other parts of the right lungs were kept in RNAlater or
preserved at — 80 °C.

2.5. Histological examination

The left lungs were processed and fixed in paraffin before being cut
into 4-um sections. The staining procedures used were standard hema-
toxylin and eosin (H&E) or Masson’s trichrome [29,30]. The following
scores were used to assess the inflammatory-cell infiltration: 0, absence
of inflammation; 1, very mild; 2, mild; 3, moderate; 4, severe; and 5, an
extreme degree of inflammation. Standardized quantification method of
pulmonary fibrosis in histological samples is used to evaluate the degree
of fibrotic changes in bleomycin-challenged lung tissues as previously
described [31]. Table 2 describes the characterization of the grading
system.

2.6. Determination of BALF total protein content, lactate dehydrogenase
(LDH) activity, total nitrite/nitrate content (NOx), and hydroxyproline in
lung tissue

BALF total protein content was determined in duplicate by using
copper salts in an alkaline medium to form an intense violet-blue com-
plex with proteins and measuring absorbance at 546 nm. BALF LDH
activity was evaluated using the reduction of NAD to NADH, which was
measured at 450 nm. Total NO metabolite levels were determined using
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Table 2
Grading characterization of the fibrotic tissue changes.

Fibrosis Microscopic Characteristic features
grade structure
0 Alveolar septa No fibrotic depositions not more that

insubstantial small

fibers in some alveolar walls

Normal lung

Isolated mild fibrotic changes

Alveoli partly enlarged and rarefied, but

no fibrotic masses

Visibly fibrotic changes (septa >3 x thicker than
normal) with knot-like formation but not linked
to each other

Partly enlarged alveoli and rarefied, but no
fibrotic masses

Fibrotic walls are contiguous (septa >3 x thicker
than normal) mostly in whole the field

Alveoli partly enlarged and rarefied, but no
fibrotic masses

Lung structure
1 Alveolar septa
Lung structure

2 Alveolar septa

Lung structure
3 Alveolar septa

Lung structure

4 Alveolar septa Variable
Lung structure Single fibrotic masses (< 10% of the field)
5 Alveolar septa Variable

Fibrotic masses are confluent (>10% and < 50%
of the field). Lung structure cruelly damaged but
still conserved

Variable, mostly not existent

Large contiguous fibrotic masses (> 50% of the
field). Lung architecture mostly not conserved
Non-existent

Alveoli nearly obliterated with fibrous masses but
still up to five air bubbles

Non-existent

Complete obliteration with fibrotic masses in the
field

Lung structure
6 Alveolar septa
Lung structure

7 Alveolar septa
Lung structure

8 Alveolar septa
Lung structure

the nitrite/nitrate assay. Hydroxyproline is a well-known collagen
content estimator. The reaction of oxidized hydroxyproline with 4-
(dimethylamino) benzaldehyde yielded the colored product, which was
measured at 560 nm.

2.7. ELISA measurements

According to the corresponding manufacturer’s instructions, the
levels of platelet-derived growth factor-BB (PDGF-BB), tissue inhibitor
of metalloproteinase-1 (TIMP-1), IL-6, TGF-f, and heat shock protein 70
(HSP70) were determined. HSP70 was determined as a surrogate marker
of HSP90 inhibition. Hypoxia-inducible factor-la (HIF-la) was
measured as described by Saber, et al. [17].

2.8. Determination of p300 HAT and CREB activity

In brief, 100 mg of lung tissue was cut into small pieces and placed in
a homogenizer, followed by 0.5 ml of pre-extraction buffer containing
DTT Solution. The mixture was then incubated on ice for 15 min before
being centrifuged for 10 min at 12,000 rpm at 4 °C and the supernatant
was removed. The nuclear pellet was treated with an extraction buffer
containing DTT and a protease inhibitor cocktail. Incubated on ice for
15 min, with a 5-second vortex every 3 min. The extract was then son-
icated three times for ten seconds. The suspension was centrifuged for
10 min at 14,000 rpm at 4 °C before being transferred to a new micro-
centrifuge vial. The nuclear extract’s protein concentration was deter-
mined using the Bradford reagent. Based on the fact that acetylation of a
peptide substrate by active HAT releases the free form of CoA, which
serves as an essential coenzyme for NADH production, HAT activity was
determined in the nuclear extract. When NADH reacts with a soluble
tetrazolium dye, it can be detected spectrophotometrically. The
normalized relative O.D. value per g nuclear protein was used to express
HAT activity. Cyclic AMP response element-binding protein (CREB)
activity was also measured in nuclear extracts. A cyclic AMP response
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element (5’-TGACGTCA-3’) immobilized on a 96-well plate binds to the
nuclear extract’s CREB. Then, a primary antibody recognizes p-CREB at
Ser133. A colorimetric readout is provided by a secondary HRP-
conjugated antibody. The relative O.D. value per g nuclear protein
was used to express CREB activity.

2.9. Determination of the STAT3 and mTOR

For 0.1 g of lung tissue, 1 ml of lysis buffer was used to homogenize
it. Following this, the tissue lysate is sonicated. The buffer was composed
of 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM
EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, and 1 g/ml leupeptin in the pres-
ence of a protease inhibitor cocktail and phosphatase inhibitor. The BCA
protein assay was used to determine the sample protein concentration in
the extract, and samples were diluted to the desired concentration using
the buffer before being stored at — 80 °C. pSTAT3 (Tyr705) optical
density values were determined and those of the STAT3 pan protein
were measured in the remaining wells and used to normalize the data.
The previous method for preparing tissue lysate was used to determine
the pmTOR. The microwells have been coated with an mTOR mouse
antibody. The coated antibody captures mTOR (phosphorylated and
non-phosphorylated) protein after incubation with lysates. To detect the
captured pmTOR protein, a pmTOR (S2448) rabbit antibody was added
after extensive washing. The bound detection antibody was then
recognized using an anti-rabbit IgG, HRP-linked antibody. TMB is added
to the HRP substrate to develop color. The magnitude of this developed
color’s absorbance is proportional to the amount of mTOR phosphory-
lated at S2448. The results were presented as normalized optical density
values. It is to be noted that decreased mTOR activity upregulates the
removal of dysfunctional cellular components via autophagy [32,33].

2.10. qRT-PCR for the expression of TGF-§1, Collagen type I, alpha 1
(COL1A1), and STATS3 in lung tissue

RNA was extracted and the total amount and purity were determined
using NanoDrop. RNA was reverse transcribed and the PCR reaction was
performed in triplicate using thermocycler Rotor-Gene Q and using
SYBR Green PCR Master Mix. Relative expression was calculated using
the comparative cycle threshold (Ct) (2722€Ty method. The sequences of
PCR primer pairs for TGF-p1, F: 5’-CTTCTCCACCAACTACTGCTTC-
3'and R: 5-GGGTCCCAGGCAGAAGTT-3'; Collagen type I, alpha 1
(COL1Al), F: 5-GACATGTTCAGCTTTGTGGACCC-3'and R: 5’-AGG-
GACCCTTAGGCCATTGTGTA-3'; STAT3, F: 5’-AGAGGCGGCAGCAGA-
TAGC-3'and R: 5’-TTGTTGGCGGGTCTGAAGTT-3’; and GAPDH, F: 5°-
TCAAGAAGGTGGTGAAGCAG-3’'and R: 5-AGGTGGAAGAATGGGAG
TTG-3'. All values were normalized to the GAPDH gene. Rotor-Gene Q
Software 2.1 (Qiagen) was used for data analysis.

2.11. Statistical analysis

To conduct statistical analysis, GraphPad Prism software version 6
(GraphPad Software Inc., La Jolla, CA, USA) was used. The data are
presented as the mean + standard deviation (SD). A one-way analysis of
variance was used to examine group differences, followed by a Tukey’s
Kramer post hoc multiple comparisons test. For non-parametric data, the
Kruskal-Wallis test and Dunn’s post hoc test were used to assess dif-
ferences between groups (inflammation and fibrotic scores). P values
less than 0.05 were deemed statistically significant.

3. Results

3.1. The particle morphology, particle size, and EE % of the nifuroxazide
cubosomes

Based on our recent work [17], the polyangular-shaped
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nanoparticles exhibited a mean particle size and zeta potential of 223.73
+ 4.73 nm and — 20.93 + 2.38 mV, respectively. The EE was 90.56 +
4.25%.

3.2. Effect of pimitespib, nifuroxazide and their combined therapy on
total leukocyte, lymphocyte, and neutrophil counts in the BALF

Intra-tracheal instillation of bleomycin resulted in a significant
elevation in total and differential cell counts when compared to the
normal group. Oral administration of either PIMI, NFX-cub, and in
particular their combination with bleomycin-challenged rats signifi-
cantly decreased these elevated levels upon comparison with the BLEO
group (Fig. 1).

3.3. Effect of pimitespib, nifuroxazide and their combined therapy on
NOx, LDH, and total protein levels in the BALF

BLEO group exhibited a substantial increase in the levels of NOx
(Fig. 2A), LDH (Fig. 2B), and total protein (Fig. 2C) in the BALF relative
to the normal group. Co-treatment of either PIMI and NFX-cub and in
particular their combination with bleomycin significantly reduced levels
of NOx, LDH, and total protein when compared to the BLEO group.

3.4. Effect of pimitespib, nifuroxazide and their combined therapy on
hydroxyproline and the mRNA expression of COL1A1 in lung tissues

Instillation of bleomycin produced a substantial increase in hy-
droxyproline content (Fig. 3A) and the mRNA expression of CollAl
(Figure3B) when compared to the normal group. BLEO/PIMI, BLEO/
NFX-cub, and in particular the BLEO/PIMI/NFX-cub group of rats
revealed a marked decrease in hydroxyproline content and the mRNA
expression of Col1A1 upon comparison with the BLEO group.

3.5. Effect of pimitespib, nifuroxazide and their combined therapy on the
levels of PDGF-BB, TIMP-1, and TGF-§ in lung tissues

Fig. 4 showed that intra-tracheal instillation of bleomycin-induced a
profound elevation in the levels of PDGF-BB (Fig. 4A), TIMP-1 (Fig. 4B),
and TGF-f (Fig. 4C) as well as the mRNA expression of TGF-p (Fig. 4D) in
relative to the normal group. Oral treatment with PIMI and NFX-cub and
their combination significantly reversed these elevated levels when
compared to the BLEO group. Tissue levels of all these markers, except
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TGF-f mRNA, were significantly declined after combined treatment with
PIMI and NFX-cub compared with their individual administration.

3.6. Effect of pimitespib, nifuroxazide, and their combined therapy on
HSP70 levels in lung tissues

HSP70 is considered a surrogate marker of HSP90 inhibition. As
shown in Fig. 5, bleomycin instillation produced a significant increase in
the levels of HSP70 when compared to the normal group (p < 0.05).
PIMI, NFX-cub, and in particular the PIMI/NFX-cub group increased
HSP70 to levels with significant differences from both the normal and
BLEO groups. Reported HSP70 elevation after administration of PIMI/
NFX-cub combination to bleomycin-insulted rats was significantly
increased compared with the BLEO/PIMI group. In this regard, NFX-cub
seems to potentiate the HSP90 inhibiting activity of Pimitespib.

3.7. Effect of pimitespib, nifuroxazide and their combined therapy on the
levels of IL-6, HIF-1a, p300 HAT, and CREB in lung tissues

Fig. 6 shows that bleomycin resulted in a significant increase in the
levels of IL-6 (Fig. 6A), HIF-1a (Fig. 6B), p300 HAT (Fig. 6C), and CREB
(Fig. 6D) when compared to the normal group. Daily oral administration
of PIMI, NFX-cub, and their combination significantly reduced these
elevated levels. However, the BLEO/NFX-cub group failed to produce a
significant difference in the level of CREB activity when compared to the
BLEO group.

3.8. Effect of pimitespib, nifuroxazide and their combined therapy on the
mRNA expression of STAT3 and the levels of p-STAT3 in lung tissues

Intra-tracheal instillation of bleomycin produced a marked elevation
in the mRNA expression of STAT3, and the levels of normalized p-STAT3
when compared to the normal group. BLEO/NFX-cub and BLEO/PIMI/
NFX-cub groups showed a significant decrease in these parameters
when compared to the BLEO group. Pimitespib in the BLEO/PIMI group
failed to affect the mRNA expression of STAT3 and the levels of
normalized p-STAT3 when compared to the BLEO group (Fig. 7).

3.9. Effect of pimitespib, nifuroxazide, and their combined therapy on p-
mTOR in lung tissues

Fig. 8 showed that the instillation of bleomycin significantly
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Fig. 1. Effect of pimitespib, nifuroxazide, and their combined therapy on total leukocyte count (A); lymphocyte count (B); and neutrophil count (C) in the BALF.

P < 0.05 indicates a statistical significance. *, vs Normal; #, vs BLEO; &, vs BLEO/PIMI; $, vs BLEO/NFX-cub. Levels of significance were used as follows: one
symbol, P < 0.05; two symbols, P < 0.01; three symbols, P < 0.001; four symbols, P < 0.0001.
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Fig. 2. Effect of pimitespib, nifuroxazide, and their combined therapy on NOx (A), LDH (B) and total protein (C) levels in the BALF. P < 0.05 indicates a statistical
significance. *, vs Normal; #, vs BLEO; &, vs BLEO/PIMI; $, vs BLEO/NFX-cub. Levels of significance were used as follows: one symbol, P < 0.05; two symbols,

P < 0.01; three symbols, P < 0.001; four symbols, P < 0.0001.
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Fig. 3. Effect of pimitespib, nifuroxazide, and their combined therapy on hydroxyproline (A) and the mRNA expression of COL1A1 (B) in lung tissues. P < 0.05
indicates a statistical significance. *, vs Normal; #, vs BLEO; &, vs BLEO/PIML; $, vs BLEO/NFX-cub. Levels of significance were used as follows: one symbol,
P < 0.05; two symbols, P < 0.01; three symbols, P < 0.001; four symbols, P < 0.0001.

increased levels of p-mTOR when compared to the normal group. BLEO/
NFX-cub and BLEO/PIMI/NFX-cub groups showed a marked reduction
in levels of p-mTOR when compared to the BLEO group. However, the
BLEO/PIMI group showed a non-significant change in the levels of p-
mTOR compared with the BLEO group.

3.10. Effect of pimitespib and/or nifuroxazide on lung sections stained
with H&E

As depicted in Fig. 9A, Normal and drug control groups (PIMI and

NFX-cub) display normal lung histology. However, a challenge with
bleomycin (BLEO group) resulted in severe inflammation and alveolar
wall thickening which are reflected as a higher inflammation score
(Fig. 9B) compared to normal rat lungs. On the other hand, all treatment
groups, in particular, the combined therapy group display a marked
resolution of the inflammatory signs and a significant reduction in the
score.
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Fig. 4. Effect of pimitespib, nifuroxazide, and their combined therapy on the levels of PDGF-BB (A), TIMP-1 (B), TGF-p (C), and the mRNA expression of TGF-f (D) in
lung tissues. P < 0.05 indicates a statistical significance. * , vs Normal; #, vs BLEO; &, vs BLEO/PIMI; $, vs BLEO/NFX-cub. Levels of significance were used as
follows: one symbol, P < 0.05; two symbols, P < 0.01; three symbols, P < 0.001; four symbols, P < 0.0001.

3.11. Effect of pimitespib and/or nifuroxazide on lung sections stained
with Masson trichrome

As depicted in Fig. 9C and D, Normal and drug control groups (PIMI
and NFX-cub) display normal lung structure. However, a challenge with
bleomycin (BLEO group) resulted in the massive deposition of extra-
cellular matrix components which led to a higher fibrotic score
compared to normal rat lungs. On the other hand, all treatment groups,
in particular, the combined therapy group display a marked resolution
of the fibrotic changes and a significant reduction in the score of fibrosis.

4. Discussion

Pulmonary fibrosis is the last phase of a progressive lung disease
affecting the parenchyma and is distinguished by the intensive accu-
mulation of extracellular matrix (ECM) and disruption of the lung
structure and function, which in turn results in respiratory failure [34].
IPF is an end-stage disease whose etiology has been a subject of dispute
in the preceding few years [35]. In this study, the potential protective
effects of pimitespib, nifuroxazide-loaded cubosomes, or their combi-
nation against pulmonary fibrosis induced by endotracheal instillation
of bleomycin were investigated. Cubosomes, as a drug delivery system,
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Fig. 5. Effect of pimitespib, nifuroxazide, and their combined therapy on
HSP70 levels in lung tissues. P < 0.05 indicates a statistical significance. * , vs
Normal; #, vs BLEO; &, vs BLEO/PIMI; $, vs BLEO/NFX-cub. Levels of signif-
icance were used as follows: one symbol, P < 0.05; two symbols, P < 0.01;
three symbols, P < 0.001; four symbols, P < 0.0001.

were proved to increase the oral bioavailability and lung tissue distri-
bution of the poorly soluble drug nifuroxazide [17].

Bleomycin-induced lung fibrosis animal model is commonly used to
study IPF [36]. Bleomycin is a chemotherapeutic antibiotic that was
identified to induce pulmonary fibrosis in human and multiple animal
models [37]. Bleomycin acts by inducing the breakage of DNA
double-strands of tumor cells leading to an interruption of the cell cycle
and apoptosis [38]. It is inactivated by the bleomycin hydrolase enzyme,
which is expressed in low levels in the lungs. Therefore, lungs are
believed to be more susceptible to bleomycin-induced injury [39]. In the
current model, intra-tracheal instillation of bleomycin produced a
marked elevation in total protein levels, total and differential cell
counts, NOx (nitrite plus nitrate) content, and LDH activity in the BALF.
These findings agree with previous studies which reported increased
total protein (reflecting pulmonary edema), total and differential cell
counts (representing increased capillary permeability), NOx ( related to
oxidative stress), and LDH (indicating cytotoxicity) in models of pul-
monary fibrosis induced by bleomycin [40,41].

Prolonged inflammation and tissue damage induced by bleomycin
consequently promoted proliferation and galvanization of fibroblasts
ensued by the accumulation of collagen [42]. Hydroxyproline, the chief
constituent of collagen, is measured to reflect collagen synthesis and
pulmonary tissue fibrosis [5]. Furthermore, TGF-f is believed to have a
crucial role in the progression of fibrosis by aggravating collagen and
fibronectin formation from the activated fibroblasts along with inhib-
iting proteases that decrypt the ECM [43]. TGF-p has been shown to
activate the tissue inhibitor of metalloproteinase-1 (TIMP-1), which in
turn inhibits matrix metalloproteinase 1 (MMP-1). MMP-1 is able to
degrade collagen type I and II, therefore, its inhibition would lead to the
subsequent formation of ECM and progression of fibrosis [44]. PDGF-BB
is an essential pro-fibrogenic growth factor, which is produced by
alveolar macrophages and epithelial cells. It plays a crucial role in the
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development of myofibroblasts by promoting proliferation, migration,
and survival. These myofibroblasts deposit extensive connective tissue
products in the alveolar wall resulting in the deterioration of alveolar
architecture [45]. Our results showed a bleomycin-induced elevation in
hydroxyproline content, gene expression of both Col1A1 and TGF-f, and
protein levels of TGF-p, TIMP-1, and PDGF-BB when compared to the
normal group. These biochemical findings corroborate the development
of interstitial fibrosis in the bleomycin group. The pimitespib- or
nifuroxazide-induced reduction in lung collagen as evidenced by
reduced gene expression of Col1A1, diminished hydroxyproline content,
and minimized collagen fibers distribution in lung sections (Masson’s
trichrome stain) could be attributed to the inhibitory effects of these
drugs on TIMP-1. Their ability to inhibit TIMP-1 could also be attributed
to their inhibitory effects on TGF-f1 [46]. Moreover, the significant
decrease in protein levels of PDGF-BB by both drugs confirm that they
possess anti-fibrotic properties and thereby could combat against
bleomycin-induced fibrosis.

The reported decline in pulmonary levels of profibrotic agents after
oral treatment with either pimitespib or nifuroxazide or their combi-
nation significantly decreased total protein levels, differential cell
counts, NOx levels, and LDH activity in the BALF. These results were
confirmed by the histopathological findings, which demonstrated that
pimitespib and nifuroxazide or their combination attenuated bleomycin-
induced inflammation and improved inflammation scoring. These
findings also propose that pimitespib or nifuroxazide and particularly
their combined therapy might confer protective and anti-inflammatory
effects against bleomycin-induced lung injury [17].

HSP90 and HSP70, the ATP-dependent molecular chaperones, are
believed to exert several important functions that are essential for the
maintenance of protein hemostasis. Their expression is induced in
response to cellular stress conditions [47]. Both proteins collaborate
with their cochaperones in the remodeling and activation of various
proteins [48]. HSP90 expresses multiple binding sites for different client
proteins including HIF-1 and STAT3 [49]. Cochaperones also participate
in the recruitment of these client proteins leading to the stabilization of
HSP90 in an ATP-bound state to prolong the activity of the produced
multichaperone complex [50].

Hypoxia participates in the pathogenesis of pulmonary fibrosis and is
orchestrated by several transcription factors such as HIF-1a which is
released in response to low oxygen levels. HSP90 interacts with HIF-1a
and enhances the nuclear translocation and binding of HIF-1a/CREB-
p300 HAT to DNA [51,52]. It has been reported that aggravated HIF-1a
activity induces cell proliferation and enhances ECM formation, which
eventually results in lung inflammation and fibrosis [53]. In our study,
there was a significant increase in HIF-1a and CREB-p300 activity in
bleomycin-instilled rats. This finding agrees with earlier studies that
showed high HIF-1a/CREB activity in pulmonary fibrosis-induced
experimentally [5,54,55]. p300 HAT has an essential role in fibrosis
and controls the fibrotic response by regulating ECM homeostasis and
activation of myofibroblast [56]. It has been reported that p300 medi-
ates TGF-B-induced transcriptional activation of fibrotic genes during
pulmonary fibrosis [57]. Also, it has been shown that the expression of
active p300 is elevated in IPF patient-derived fibroblasts, which finally
resulted in pulmonary fibrosis [58]. STAT3, a protein usually expressed
in cells, can be activated by various ligands and plays a pivotal role in
the progression of pulmonary fibrosis. STAT3 mediates TGF-p profi-
brotic pathway to promote fibroblast activation and tissue fibrosis [59].
Moreover, HSP90 showed a crucial role in the regulation of autocrine
IL-6 function via direct interaction with STAT3 at its N-terminal region
[60,61]. STAT3 interacts with CREB-p300 HAT-binding proteins to form
a stable dimer that binds with DNA [62].

Pimitespib is a novel inhibitor of cytosolic HSP90 that leads to sig-
nificant depletion in several HSP90 proteins [63]. It was developed as an
antitumor agent that promotes tumor shrinkage with minimal adverse
effects. It was previously reported that HSP70 levels are elevated after
administration of HSP90 inhibitors, therefore its upregulation serves as
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Fig. 6. Effect of pimitespib, nifuroxazide, and their combined therapy on the levels of IL-6 (A), HIF-1a (B), p300 HAT (C), and CREB (D) in lung tissues. P < 0.05
indicates a statistical significance. * , vs Normal; #, vs BLEO; &, vs BLEO/PIMI; $, vs BLEO/NFX-cub. Levels of significance were used as follows: one symbol,
P < 0.05; two symbols, P < 0.01; three symbols, P < 0.001; four symbols, P < 0.0001.

a surrogate marker for the inhibition of HSP90 function [64,65], which
could explain the reported increase in HSP70 levels after treatment with
pimitespib in our study. Pimitespib-induced inhibition of HSP90 could
lead to subsequent inhibition of HIF-1a and STAT3 client proteins (the
closed HSP90 would not enclose its client proteins). Therefore, the in-
hibition of HSP90 would lead to a subsequent decline in HIF-1la/-
CREB-p300 HAT signaling as well as a depression in the
pSTAT3/CREB-p300 HAT signaling leading to a reduction in cellular
proliferation and ECM formation [66,67]. This could reduce the

activation of myofibroblasts leading to further inhibition of pulmonary
fibrosis.

Nifuroxazide is an orally administered antibiotic agent that is used
for the treatment of diarrhea and colitis [14]. It was previously reported
that nifuroxazide could inhibit IL-6/STAT3 axis activation without
affecting HSP9O0 activity [68]. This could explain the notable decline in
pSTATS3 levels and the non-significant decrease in HSP90 levels in rats
with pulmonary fibrosis and treated with nifuroxazide. Additionally,
after treatment with nifuroxazide, our results showed a significant
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Fig. 8. Effect of pimitespib, nifuroxazide, and their combined therapy on p-
mTOR in lung tissues. P < 0.05 indicates a statistical significance. * , vs Normal;
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bols, P < 0.0001.
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decrease in HIF-1a levels compared to the levels of bleomycin-instilled
rats. One report findings suggest that STAT3 is a potential target for
intervention in pathologies where there is hypoxia and that STAT3
precedes HIF-1a transcriptional responses to oxygen [69]. Additionally,
Activated STAT3 has been described as a positive regulator of HIF-1a
[70,71]. Indeed, phospho STAT3 increases the expression of HIF-1a by
inhibiting its degradation in tumor cells [72]. Another report suggested
that STAT3 is a superior target for the development of anticancer drugs
when authors found that STAT3 enhances HIF-la protein stability
through inhibition of pVHL binding to the HIF-1a and pVHL-mediated
ubiquitination of HIF-1a [73]. Also, it was hypothesized that STAT3 is
a general co-transcription factor of the HIF-mediated hypoxia response
[74]. These perspectives are supported by our findings where HIF-1a
levels were downregulated in response to nifuroxazide treatment.

Compelling evidence by Lang, et al. [75] supports the presence of the
IL-6/STAT3/HIF-1a autocrine loop in which authors showed that HSP90
inhibitors can disrupt the HIF-1a/STAT3 mediated autocrine activation
loop for IL-6 by direct hindrance with the functions of HIF-la and
STAT3. In this regard, pimitespib disrupted the IL-6/STAT3/HIF-1a
autocrine loop in rats with pulmonary fibrosis in our study. This resulted
in inhibition of the nuclear translocation of either STAT3 or HIF-1la.
Pimitespib, as an adjuvant to nifuroxazide, downregulated both HIF-1a
and pSTATS3 to augment the nifuroxazide inhibitory function.

It is believed that mTOR is aberrantly triggered in fibrotic diseases,
such as lung fibrosis [76]. In the present study, nifuroxazide showed a
potential to induce autophagy in fibrotic lungs as indicated by decreased
levels of p-mTOR. However, this effect needs further investigation. On
the other hand, pimitespib-induced inhibition of HSP90 did not result in
a significant decrease in the pmTOR levels [77,78]. This could be due to
the reported non-significant effect of pimitespib on the pSTAT3 levels in
rats with pulmonary fibrosis compared to the bleomycin group. It is well
acknowledged that the pmTOR levels are correlated with pSTAT3 levels
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Fig. 9. Effect of pimitespib and/or nifuroxazide on lung sections stained with H&E stain (A); inflammation score (B); fibrosis score (C) and lung sections stained with
Masson trichrome stain (D). The short orange arrow indicates massive inflammatory cell infiltration and the long red arrow indicates fibrotic tissue deposition
(Figure A; BLEO group). On the other hand, the long black arrow indicates fibrotic mass deposition (Figure D; BLEO group). P < 0.05 indicates a statistical sig-
nificance. *, vs Normal; #, vs BLEO; &, vs BLEO/PIMI; $, vs BLEO/NFX-cub. Levels of significance were used as follows: one symbol, P < 0.05; two symbols,

P < 0.01; three symbols, P < 0.001; four symbols, P < 0.0001.

and that mTOR can activate the pSTAT3 signaling cascade [79].
Therefore, pimitespib could reduce the HSP90 ATP binding and nuclear
translocation of pSTAT3 without reducing pSTAT3 or pmTOR levels.

In conclusion, the current study proposed that pimitespib/nifurox-
azide inhibited bleomycin-induced alterations in either the structure or
the function of the lungs and this impact was mediated via inhibiting the
nuclear translocation of HIF-1a and pSTAT3. This is followed by the
inhibition of STAT3/CREB-p300 HAT and HIF-1o/CREB-P300 HAT
nuclear interactions. Herein, Pimitespib augmented nifuroxazide-
induced disruption in the IL-6/STAT3/HIF-1a autocrine loop in rats.
Our findings disclose that the IL-6/STAT3/HIF-1a autocrine loop is a
promising therapeutic attack site for possible pulmonary fibrosis
repression studies. Therefore, the use of pimitespib/nifuroxazide em-
bodies an evolutionary perspective in managing pulmonary fibrosis.
However, extensive applications in view of other potential downstream
effects of HSP90 inhibition in the context of STAT3 inhibition, are still to
be characterized. In addition, demonstration of the efficacy and safety of
the combined therapy of HSP90 and STAT3 inhibitors awaits further
evaluation.
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