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Abstract: Ivermectin is a US Food and Drug Administration (FDA)-approved antiparasitic agent with antiviral and anti-inflammatory
properties. Although recent studies reported the possible anti-inflammatory activity of ivermectin in respiratory injuries, its
potential therapeutic effect on pulmonary fibrosis (PF) has not been investigated. This study aimed to explore the ability of
ivermectin (0.6 mg/kg) to alleviate bleomycin-induced biochemical derangements and histological changes in an experimental
PF rat model. This can provide the means to validate the clinical utility of ivermectin as a treatment option for idiopathic PF.
The results showed that ivermectin mitigated the bleomycin-evoked pulmonary injury, as manifested by the reduced infiltration
of inflammatory cells, as well as decreased the inflammation and fibrosis scores. Intriguingly, ivermectin decreased collagen
fiber deposition and suppressed transforming growth factor-p1 (TGF-B1) and fibronectin protein expression, highlighting its
anti-fibrotic activity. This study revealed for the first time that ivermectin can suppress the nucleotide-binding oligomerization
domain (NOD)-like receptor family pyrin domain-containing protein 3 (NLRP3) inflammasome, as manifested by the reduced
gene expression of NLRP3 and the apoptosis-associated speck-like protein containing a caspase recruitment domain (4SC), with
a subsequent decline in the interleukin-1f (IL-1pB) level. In addition, ivermectin inhibited the expression of intracellular nuclear
factor-kB (NF-«xB) and hypoxia-inducible factor-la (HIF-1a) proteins along with lowering the oxidative stress and apoptotic
markers. Altogether, this study revealed that ivermectin could ameliorate pulmonary inflammation and fibrosis induced by bleomycin.
These beneficial effects were mediated, at least partly, via the downregulation of TGF-B1 and fibronectin, as well as the suppression
of NLRP3 inflammasome through modulating the expression of HIF-10 and NF-kB.
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1 Introduction urgent need for new therapeutic agents capable of re-

versing the pulmonary fibrotic cascades (Han et al.,

Pulmonary fibrosis (PF), as an interstitial fibrotic
pathology affecting the lower respiratory tract, is char-
acterized by a progressive deterioration of lung func-
tion, eventually leading to respiratory failure and death
(Raghu et al., 2017; Gad et al., 2020). With few effec-
tive drugs available for the treatment of PF, there is an
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2021).

Upon exposure to destructive agents, the lungs
respond to tissue damage through a cascade of synchro-
nized biological processes (Kan et al., 2021). After
repeated exposure to injurious events, a pro-fibrotic re-
programming pathway with extensive pro-inflammatory
mediators develops in the lung (Ruiz-Riol et al., 2017).
Such a vicious cycle starts with the activation of alveo-
lar epithelial cells to promote the expression of several
pro-fibrotic growth factors. Importantly, transforming
growth factor-f3 (TGF-p) is the master regulatory fac-
tor promoting the activation of fibroblasts and myofi-
broblasts. The abnormal activation of fibroblasts boosts
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the production of extracellular matrix (ECM) compo-
nents with the deposition of collagens, fibronectin, and
a-smooth muscle actin (a-SMA) (Blobe et al., 2000).

Over the past decade, many reports discussed the
role of the nucleotide-binding oligomerization domain
(NOD)-like receptor family pyrin domain-containing
protein 3 (NLRP3) inflammasome in the pathogenesis
and regulation of various pulmonary insults (Tian et al.,
2017; Huang et al., 2019). An inflammasome complex
is composed of a sensor, an adaptor, and a zymogen. In
response to a specific pathogenic stimulus, the inflamma-
some sensor is activated, and the adaptor subsequently
forms discrete foci in the activated cell. This causes the
activation of zymogen via complex intermediate signal-
ing mediators involved in the stimulation of nuclear
factor-kB (NF-xB), which is considered a key regulator
in the stimulation of the inflammasome components
(Latz et al., 2013). The activation of inflammasome
induces the production of various inflammatory cyto-
kines including interleukin-1f (IL-1B) and IL-18, fol-
lowed by triggering a programmed form of inflamma-
tory lytic cell death called pyroptosis, which releases add-
itional inflammatory mediators (Sagoo et al., 2016).

Bleomycin is a glycopeptide antibiotic with an
anti-neoplastic effect. Interstitial lung fibrosis is a com-
mon side effect of bleomycin, which can be used to
establish an experimental model for inducing PF in
rodents. Besides, many molecular signatures, as well
as histopathological hallmarks of bleomycin-induced
lung fibrosis, were found to resemble human fibrotic
lung diseases (Liu et al., 2017).

Hypoxia-inducible factor-1a (HIF-1a) is a ubiqui-
tous transcription factor that is normally degraded via
the ubiquitin-proteasome pathway. Under hypoxic con-
ditions, however, HIF-1a degradation is arrested, lead-
ing to accumulation and subsequent translocation of
HIF-1a into the nucleus where it can control the ex-
pression of its target genes (Vriend and Reiter, 2016).
Additionally, HIF-1a was proven to regulate NLRP3
inflammasome activation and the secretion of IL-1
through NF-«xB signaling pathway in animal models
of bleomycin-induced acute lung damage (Huang et al.,
2019).

Ivermectin is a broad-spectrum antiparasitic agent
with prominent antiviral and anti-inflammatory proper-
ties (Steinhoff et al., 2016; Caly et al., 2020; Man-
sour et al., 2021). Previous experimental studies re-
ported that ivermectin exerts anti-inflammatory effects

through inhibiting the activation of T cells (Steinhoff
et al., 2016) and suppressing the production of pro-
inflammatory cytokines (Zhang et al., 2008). However,
the effect of ivermectin on PF has neither been explored
nor fully discussed.

In the above context, the present study aimed
to investigate the potential of ivermectin to alleviate
bleomycin-induced biochemical derangements and his-
tological changes in an experimental model of PF.
Additionally, we explored the molecular and biochem-
ical mechanisms implicated in NLRP3-inflammasome
activation in bleomycin-induced PF.

2 Materials and methods
2.1 Animals

Forty 8-week-old male Wistar rats weighing 200—
220 g were purchased from Theodor Bilharz Research
Institute (Giza, Egypt). The animals were kept under
standard controlled conditions of temperature ((23+
2) °C) and relative humidity ((554+2)%) with a 12-h light/
dark cycle at the animal house facility of the Faculty
of Pharmacy, Cairo University (Cairo, Egypt). Rats
were fed a standard chow diet and had access to water
ad libitum throughout the experiment.

2.2 Drugs and chemicals

Bleomycin (Bleocip 151U, Cipla Pharmaceutical
Company, Mumbai, India) was dissolved in saline to
a final concentration of 5 mg/mL. Ivermectin (Iverzine,
Unipharma Company, Cairo, Egypt) was dissolved in
distilled water to a final concentration of 0.6 mg/mL.
Thiopental sodium was obtained from Egyptian Int.
Pharmaceutical Industries Co. (E.I.P1.CO), Egypt. The
other chemicals and reagents used were of high ana-
lytical grade.

2.3 Induction of pulmonary fibrosis

PF was induced by the intra-tracheal instillation
of bleomycin at a dose of 5 mg/kg with an adjusted
volume of 1 mL/kg (Chen et al., 2009). Rats were anes-
thetized using thiopental sodium (50 mg/kg, intraperi-
toneal) (Gazdhar et al., 2013).

2.4 Experimental design

As shown in Fig. 1, 40 male Wistar albino rats
were weighed and randomly allocated into four groups
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Fig. 1 Schematic representation of the experimental timeline. BLM: bleomycin; IVM: ivermectin; PO: per oral.

(10 rats each). The animals of Group 1 were injected
with saline (1 mL/kg) by intra-tracheal instillation and
served as the normal control (CTRL) group. In Group
2, rats were given 0.6 mg/kg ivermectin (per oral (PO),
once daily) on Days 0, 1, 7, and 8 to serve as the iver-
mectin control (IVM) group. The ivermectin dose used
herein was extrapolated from that reported to be given
to coronavirus disease 2019 (COVID-19) patients (Shin
et al., 2010; Buonfrate and Bisoffi, 2021; Krolewiecki
et al., 2021). Animals in Group 3 were given a single
dose of 5 mg/kg bleomycin by intra-tracheal instilla-
tion (Chen et al., 2009; Wang JP et al., 2021) to serve
as the PF model (BLM) group. Furthermore, rats of
Group 4 were injected with a single intra-tracheal
dose of bleomycin (5 mg/kg) in addition to ivermectin
(0.6 mg/kg, PO, once daily) on Days 0, 1, 7, and 8 to
serve as the BLM+IVM group.

Fourteen days after bleomycin injection, retro-
orbital blood samples were withdrawn from the orbital
plexus under anesthesia (thiopental sodium 50 mg/kg,
intraperitoneal) (Gazdhar et al., 2013) using heparinized
micro-capillaries (Optilab, Berlin, Germany). Serum
was separated by centrifugation at 4000 r/min for 10 min
at —4 °C (Heraeus Biofuge, Berlin, Germany). Next,
the animals were euthanized by cervical dislocation;
the lungs were dissected, washed with cold saline, and
dried on filter paper. Thereafter, the right lungs were
used for histological and immunohistochemical exami-
nations, and the left lungs were used for biochemical
investigations.

The histopathological and biochemical measure-
ments are fully described in the supplementary materials
and methods.

3 Results

3.1 Effect of ivermectin on bleomycin-induced
histopathological changes

The lung tissues of bleomycin-exposed rats re-
vealed severe lung lesions, with a marked thickening
of the interstitial alveolar septa (interstitial pneumonia),
as well as bronchopneumonia shown by the hyperpla-
sia of goblet cells, excessive mucous secretion in the
bronchial lumen, and extensive inflammatory cell infil-
tration. Fibroblast proliferation and collagen deposition
in interstitial space, in addition to the marked infiltra-
tion of perivascular inflammatory cells, were also evi-
dent. However, these lesions were significantly amelio-
rated and regressed by ivermectin treatment. As illus-
trated in Fig. 2, The light microscopic examination of
both CTRL and IVM rats displayed the normal histo-
architecture of lung tissues consisting of normal thin-
walled alveoli, normal bronchi, and regular bronchioles
(Figs. 2a and 2b). Meanwhile, the lung tissues of rats
treated with combined bleomycin and ivermectin exhib-
ited slight focal thickening of the alveolar wall (focal
interstitial pneumonia) and mild perivascular inflam-
matory cell infiltration (Fig. 2f).

It was further revealed that bleomycin adminis-
tration increased the inflammation, fibrosis score, as
well as Ashcroft’s score compared to the CTRL and
IVM groups. Meanwhile, ivermectin significantly
ameliorated the inflammation and reversed the fibrosis
score and Ashcroft’s score compared to the BLM
group (Figs. 3a—3c). In the same context, the weights
were markedly decreased among rats that received
bleomycin compared to the CTRL and IVM groups,
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Fig.2 Representative photomicrographs of H&E-stained lung sections of different groups. (a, b) CTRL (a) and IVM (b)
groups showing normal histological architecture consisting of normal thin-walled alveoli (AV), normal bronchi, and regular
bronchioles (B). (c—e) BLM groups showing interstitial pneumonia (IP), fibroblast proliferation (FB), bronchopneumonia
(BP), mucous exudate in the bronchial lumen (MC), extensive inflammatory cell infiltration (IF), and marked perivasculitis
(PV). (f) BLM+IVM group showing slight focal IP and mild perivascular inflammatory cell infiltration (PV). BLM:
bleomycin; CTRL: normal control; H&E: hematoxylin and eosin; IVM: ivermectin.

whereas remarkable weight gain was achieved upon
treatment with ivermectin after bleomycin exposure
(Figs. 3d and 3e).

3.2 Effect of ivermectin on bleomycin-induced
changes by Masson’s trichrome (MTC) staining

As demonstrated in Figs. 4a, 4b, 4e, and 4f, the
microscopic examination of lungs of CTRL and IVM
rats showed normal weak MTC-stained collagen fibers.
In contrast, rats exposed to bleomycin exhibited a
marked increase in collagen fiber deposition and showed
apparent fibrosis (Figs. 4c and 4g). Furthermore,
treatment with ivermectin after bleomycin exposure
ameliorated collagen fiber deposition, as confirmed by
weak MTC-positive reaction (Figs. 4d and 4h). His-
tomorphometric analyses of MTC-stained sections re-
vealed a significant increase in the percentage area of

collagen deposition in the bleomycin-exposed group in
comparison to the CTRL and IVM groups. However,
ivermectin treatment after bleomycin administration
induced a statistically significant decline in the per-
centage area of collagen deposition in comparison to
the BLM group (Fig. 41).

The immunohistochemical expression of IL-1,
TGF-B1, NF-xB p65, and caspase-3 in the lung tissues
was demonstrated in Fig. 5. Briefly, the CTRL rats
revealed no immune expression (Figs. Sa, Se, 5i, and
5m). The lungs of rats treated with IVM alone exhibited
normal immune reactivity (Figs. 5b, 5f, 5j, and 5n).
Furthermore, significant strong positive immunostain-
ing reaction was found in the BLM group compared to
the other three groups (Figs. Sc, 5g, 5k, and 50). Mean-
while, treating bleomycin-induced PF with ivermectin
markedly downregulated the immune expression of
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Fig. 3 Box plots representing the inflammation score (a), fibrosis score (b), and Ashcroft’s score (c) of the different groups,
and the recorded weight change (d) and weight of rats (e) at different time intervals. Data are expressed as meantstandard
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Fig. 4 Representative photomicrographs of MTC-stained lung tissues from different groups. (a, ¢) CTRL group showing
normal weak MTC-stained collagen fibers. (b, f) IVM group showing normal weak MTC-stained collagen fibers. (¢, g) BLM
group showing marked increase in collagen fiber deposition (arrows). (d, h) BLM+IVM group showing weak collagen
fiber deposition (arrows). (i) Area percentage of positive MTC staining in different groups. BLM: bleomycin; CTRL:
normal control; IVM: ivermectin; MTC: Masson’s trichrome.
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Fig. 5 Effects of ivermectin on IL-18, TGF-B1, NF-kB p65, and caspase-3 on the lung tissues of rats with bleomycin-induced
PF. (a—p) Representative photomicrographs of the immunohistochemical evaluation of IL-18, TGF-$1, NF-kB p6S, and
caspase-3 in the lung tissues of rats. The brown color in the figure indicates the immunostaining of IL-1p (a—d), TGF-$1
(e—h), NF-kB p65 (i-1), and caspase-3 (m—p), as follows: negative immune expression in rats from the CTRL (a, e, i, and
m) and IVM (b, f, j, and n) groups; strong immune expression in BLM (¢, g, k, and o) rats; weak immune expression in
BLM+IVM (d, h, 1, and p) rats. (qg—t) The summarized data of IL-1p, TGF-$1, NF-kp p65, and caspase-3 (as area
percentages). BLM: bleomycin; CTRL: normal control; IL-1p: interleukin-1p; IVM: ivermectin; NF-kB: nuclear factor-kB;
TGF-p1: transforming growth factor-p1; PF: pulmonary fibrosis.



IL-1B, TGF-B1, NF-kB p65, and caspase-3 in the lung
tissues compared to the BLM group (Figs. 5d, 5h, 51,
and 5p, respectively).

3.3 Effect of ivermectin on bleomycin-induced al-
terations in NLRP3-inflammasome activation

As shown in Figs. 6a and 6c, the intra-tracheal
administration of bleomycin significantly upregulated
the gene expression of NLRP3 and apoptosis-associated
speck-like protein containing a caspase recruitment
domain (4SC), reaching seven and six times the ex-
pression of CTRL and IVM groups, respectively. Mean-
while, treating rats with ivermectin significantly down-
regulated the gene expression of NLRP3 (Fig. 6a) and
ASC (Fig. 6¢) to reach only 51% and 60% of the value
for BLM group, respectively. For further validation,
the protein concentration of NLRP3 was determined,
which revealed that bleomycin administration signifi-
cantly increased the protein level of NLRP3 compared
to both the CTRL and IVM groups, whereas treating
bleomycin-induced PF rats with ivermectin signifi-
cantly lowered the level of NLRP3 compared to the
BLM group (Fig. 6b).

3.4 Effects of ivermectin on bleomycin-induced
changes in fibronectin and HIF-1a protein levels

Both HIF-1a and fibronectin levels were signifi-
cantly elevated in bleomycin-treated rats reaching 2.6-
fold and 3.0-fold, respectively, compared to the CTRL
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group, and 3.6-fold and 3.7-fold, respectively, compared
to the IVM group (Figs. 6d and 6e). On the other
hand, the levels of HIF-1a and fibronectin were signifi-
cantly decreased in the BLM+IVM group, reaching
51% and 42%, respectively, of the value for the BLM
group (Fig 6d and 6e).

3.5 Effect of ivermectin on bleomycin-induced
alterations in the oxidative stress status

Additionally, intra-tracheal administration of bleo-
mycin to rats caused a significant increase in lipid
peroxidation, as represented by lung MDA content
reaching about 300% compared to the control animals
(Fig. 6f). The reduction in GSH concentration (Fig. 6g)
was more intense in IVM animals (115%) in compari-
son with the BLM group; the latter showed a signifi-
cant decrease in GSH content to 51% of the CTRL
value. Importantly, ivermectin administration in PF rats
alleviated bleomycin-induced oxidative stress, where
the level of GSH was 86% higher and the level of
MDA was 48% lower in BLM+IVM rats compared to
the BLM group.

4 Discussion

PF is one of the most common interstitial lung dis-
eases worldwide with high morbidity and mortality, par-
ticularly amidst the COVID-19 pandemic (Lechowicz
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Fig. 6 Effects of ivermectin on the gene expression of NLRP3 (a) and ASC (c), concentration of NLRP3 protein (b), and
levels of HIF-1a (d), fibronectin (e), MDA (f), and GSH (g) in bleomycin-induced PF rats. BLM: bleomycin; CTRL: normal
control; GSH: glutathione; HIF-1a: hypoxia-inducible factor-1a; IVM: ivermectin; MDA: malondialdehyde; NLRP3:
nucleotide-binding oligomerization domain (NOD)-like receptor family pyrin domain-containing protein 3; PF: pulmonary

fibrosis.
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et al., 2020; Ambardar et al., 2021). Currently, only few
effective drugs are available for the treatment of PF
(Han et al., 2021). Recently, the clinical utility of iver-
mectin as a treatment route for COVID-19-associated
respiratory diseases was conjectured (Mittal and Mittal,
2021). However, to our knowledge, this is the first study
reporting the anti-fibrotic effect of ivermectin in rats
with experimentally induced PF.

In our report, the histopathological alterations
observed in the BLM group were ameliorated and
reversed by ivermectin treatment. These findings were
evident by the decreased inflammation and fibrosis
scores along with reduced collagen deposition in the
lung tissues of BLM+IVM rats, highlighting the pos-
sible anti-fibrotic role of ivermectin. Moreover, iver-
mectin succeeded in suppressing the upregulation of
TGF-B1 and fibronectin expression by bleomycin-
induced rats, which further confirms the anti-fibrotic
activity of ivermectin.

Notably, it has been recently reported that iver-
mectin promotes wound healing via modulating the
levels of TGF-B1 and inflammatory cytokines (Sia
et al., 2020). TGF-B1 is one of the key signals in the
pathogenesis of PF as TGF-B1 signaling contributes
to myofibroblast activation and subsequent collagen
production (Han et al., 2021). Moreover, TGF-B1 is
known to induce apoptosis in the alveolar epithelial
cells (Han et al., 2021). As previously reported, apop-
tosis is a pathological hallmark of fibrotic lungs (Han
et al., 2021). This was demonstrated in the current study
by the enhanced protein expression of the pro-apoptotic
caspase-3 in a rat model of bleomycin-induced PF,
which was significantly downregulated by ivermectin
treatment.

The role of inflammation in the pathogenesis of
PF has been well established (Lin et al., 2019). The
NLRP3 inflammasome was reported to potentially regu-
late the expression of TGF-B1 via modifying the level
of IL-1B, which can elevate TGF-B1 in PF (Tian et al.,
2017; Chen et al., 2021). In the current study, bleomycin
administration triggered NLRP3 inflammasome acti-
vation, as evidenced by the enhanced gene expression of
NLRP3 and ASC and the subsequent increase in IL-1f3
level. The increase in the expression of NLRP3 inflam-
masome along with the development of inflammation
and lung fibrosis suggests its involvement in the patho-
genesis of PF, consistent with recent reports highlight-
ing the role of NLRP3 inflammasome in mediating cell

response to bleomycin-induced pulmonary injury (Tian
etal., 2017; Lin et al., 2019).

Our study provides an explanation for the anti-
inflammatory effects observed in ivermectin-treated
COVID-19 patients; it was revealed for the first time
that ivermectin treatment can significantly suppress
the inflammasome activation via downregulating both
NLRP3 and ASC expression in addition to the reduc-
tion in IL-1pB level. In fact, the observed reduction in
IL-1p level in the BLM+IVM group agrees well with
a previous study by Ci et al. (2009), which reported
that ivermectin could inhibit lipopolysaccharide (LPS)-
induced pro-inflammatory cytokines including IL-1p.
Importantly, NLRP3 is thought to play a crucial role
in COVID-19-induced lung inflammation and the pro-
duction of pro-inflammatory cytokines (Rodrigues
etal., 2021).

Accumulating proof highlights the importance of
NF-kB signaling for NLRP3 inflammasome priming
and assembly. Moreover, the activated NLRP3 can regu-
late the NF-kB signaling pathway to establish the det-
rimental inflammation (Chen et al., 2021). Our study
found that NF-xB was upregulated in the BLM group
compared to the CTRL group. In the fibrosis state, the
NLRP3 inflammasome promotes the production of a
considerable amount of IL-1p through NF-«xB signal-
ing, and then further activates NF-kB to enhance the
expression of many inflammation-related proteins along
with upregulating the collagen content (Ding et al.,
2020). It is worth mentioning that the BLM+IVM group
showed significantly reduced expression of NF-«B com-
pared to the BLM group. Based on these findings, we
suggest that ivermectin could suppress NLRP3 inflam-
masome activated in bleomycin-evoked PF through
modulating the NF-xB levels. This suggestion is cor-
roborated by the results of Ci et al. (2009), who demon-
strated that ivermectin exerts an anti-inflammatory
effect via downregulating NF-«B.

In the present work, the elevated expression of
HIF-1a in rats with bleomycin-induced PF suggests
its involvement in hypoxia and inflammatory damage
of the lung tissue, which is consistent with Wang ZY
et al. (2021). Notably, treatment with ivermectin could
reduce HIF-1a level in the lung tissues of rats with
bleomycin-induced PF compared to untreated rats, sup-
porting the results of Kosyna et al. (2015). Furthermore,
a recent study by Gongalves et al. (2020) showed that
ivermectin inhibits the viral replication of COVID-19



via the modulation of HIF-1a level. In this context,
the regulation of the NLRP3 activation was reported
by HIF-1a, which modulates NF-«xB level and pro-
motes the expression of IL- 1} in bleomycin-induced PF
(Huang et al., 2019). In addition, it was revealed that
HIF-1a mediates NLRP3 inflammasome regulation,
thus influencing apoptotic cell death, which further cor-
roborates our results (Jiang et al., 2020).

The role of reactive oxygen species (ROS) pro-
duction in the activation of NLRP3 inflammasome is
well-documented (Chen et al., 2021). In our study, rats
with PF showed increased MDA level and reduced
GSH level, indicating enhanced ROS formation that
was curbed by ivermectin administration. This is in line
with the study by Wang JP et al. (2021), who showed
that the accumulation of oxygen free radicals by bleo-
mycin resulted in alveolar epithelial and vascular endo-
thelial cell damage. According to a study by Chen et al.
(2021), ROS production could promote the expression
of NLRP3 and pro-inflammatory cytokines through the
activation of intracellular NF-xB signaling pathway,
which induced the transcription of genes involved in
inflammation.

Finally, the current study is primarily descrip-
tive, prompting future functional and mechanistic
studies to validate our results. We recommend examin-
ing the role of NLRP3 in IVM-induced effects through
gain-of-function and lose-of-function assays. More-
over, to further demonstrate the possible impact of
gender on ivermectin-induced improvements in PF, our
experiment should be replicated using female animals.
Additional studies should also be directed to investi-
gating the effect of ivermectin on established lung
fibrosis, where PF is induced by intra-tracheal instil-
lation of bleomycin (5 mg/kg), followed by ivermectin
treatment (0.6 mg/kg) after 10 d, to ensure that fibro-
sis is already established in the lung and continues for
the following two weeks.

5 Conclusions

Taken together, the current work has revealed that
ivermectin attenuates the pulmonary inflammation and
fibrosis induced by bleomycin in rats. These benefi-
cial effects were mediated, at least partly, via the sup-
pression of NLRP3 inflammasome through the regula-
tion of NF-xB and HIF-1a expression. This may add to
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the clinical usefulness of ivermectin in treating patients
with idiopathic PF and patients with COVID-19 com-
plications. However, further investigations are required
to validate these effects in clinical settings.

Acknowlegment

This work was supported by Open access funding pro-
vided by the Science, Technology & Innovation Funding Au-
thority (STDF) in cooperation with the Egyptian Knowledge
Bank (EKB).

Author contributions

All authors contributed to the study conception and de-
sign. Mai A. ABD-ELMAWLA, Heba R. GHAIAD, and Maha
ABDELMONEM: study conception, material preparation, data
collection & analysis, and writing; Enas S. GAD and Kawkab
A. AHMED: material preparation, data collection & analysis,
and writing. All authors wrote the first draft of the manuscript,
and they all commented on previous versions of the manu-
script. All authors have read and approved the final manuscript,
and therefore, have full access to all the data in the study and
take responsibility for the integrity and security of the data.
The authors declare that all data were generated in-house and
that no paper mill was used.

Compliance with ethics guidelines

Mai A. ABD-ELMAWLA, Heba R. GHAIAD, Enas S.
GAD, Kawkab A. AHMED, and Maha ABDELMONEM declare
that they have no conflict of interest.

All institutional and national guidelines for the care and
use of laboratory animals were followed. All animals’ proce-
dures were performed in accordance with the Research Ethics
Committee of the Faculty of Pharmacy, Cairo University
(REC-FOPCU), Egypt (No. BC3203) and with the Helsinki
Declaration of 1975, as revised in 2013.

Open Access

This article is distributed under the terms of the Cre-
ative Commons Attribution 4.0 International License (http:/
creativecommons.org/licenses/by/4.0/), which permits use, dupli-
cation, adaptation, distribution, and reproduction in any medium
or format, as long as you give appropriate credit to the origi-
nal author(s) and the source, provide a link to the Creative
Commons license and indicate if changes were made.

References

Ambardar SR, Hightower SL, Huprikar NA, et al., 2021. Post-
COVID-19 pulmonary fibrosis: novel sequelae of the
current pandemic. J Clin Med, 10(11):2452.
https://doi.org/10.3390/jcm10112452

Blobe GC, Schiemann WP, Lodish HF, 2000. Role of trans-
forming growth factor § in human disease. N Engl J Med,
342(18):1350-1358.
https://doi.org/10.1056/nejm200005043421807



732 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2023 24(8):723-733

Buonfrate D, Bisoffi Z, 2021. Standard dose ivermectin for
COVID-19. Chest, 159(5):2111-2112.
https://doi.org/10.1016/j.chest.2021.03.003

Caly L, Druce JD, Catton MG, et al., 2020. The FDA-approved
drug ivermectin inhibits the replication of SARS-CoV-2
in vitro. Antiviral Res, 178:104787.
https://doi.org/10.1016/j.antiviral.2020.104787

Chen L, Wang T, Wang X, et al., 2009. Blockade of advanced
glycation end product formation attenuates bleomycin-
induced pulmonary fibrosis in rats. Respir Res, 10:55.
https://doi.org/10.1186/1465-9921-10-55

Chen TT, Xiao F, Li N, et al., 2021. Inflammasome as an effec-
tive platform for fibrosis therapy. J Inflamm Res, 14:1575-
1590.
https://doi.org/10.2147/JIR.S304180

Ci XX, Li HY, Yu QL, et al., 2009. Avermectin exerts anti-
inflammatory effect by downregulating the nuclear tran-
scription factor kappa-B and mitogen-activated protein
kinase activation pathway. Fundam Clin Pharmacol, 23(4):
449-455.
https://doi.org/10.1111/j.1472-8206.2009.00684.x

Ding N, Wei B, Fu XH, et al., 2020. Natural products that target
the NLRP3 inflammasome to treat fibrosis. Front Phar-
macol, 11:591393.
https://doi.org/10.3389/fphar.2020.591393

Gad ES, Salama AAA, El-Shafie MF, et al., 2020. The anti-fibrotic
and anti-inflammatory potential of bone marrow-derived
mesenchymal stem cells and nintedanib in bleomycin-
induced lung fibrosis in rats. Inflammation, 43(1):123-134.
https://doi.org/10.1007/s10753-019-01101-2

Gazdhar A, Susuri N, Hostettler K, et al., 2013. HGF express-
ing stem cells in usual interstitial pneumonia originate from
the bone marrow and are antifibrotic. PLoS ONE, 8(6):
€65453.
https://doi.org/10.1371/journal.pone.0065453

Gongalves K, Vasconcelos A, Barbirato D, et al., 2020. Thera-
peutic potential of ivermectin for COVID-19. Authorea,
preprint.
https://doi.org/10.22541/au.159050476.60928563

Han YY, Jiang M, He RL, et al., 2021. Mefunidone ameliorates
bleomycin-induced pulmonary fibrosis in mice. Front
Pharmacol, 12:713572.
https://doi.org/10.3389/fphar.2021.713572

Huang JJ, Xia J, Huang LL, et al., 2019. HIF-1o promotes
NLRP3 inflammasome activation in bleomycin-induced
acute lung injury. Mol Med Rep, 20(4):3424-3432.
https://doi.org/10.3892/mmr.2019.10575

Jiang Q, Geng XK, Warren J, et al., 2020. Hypoxia induc-
ible factor-1a (HIF-1a)) mediates NLRP3 inflammasome-
dependent-pyroptotic and apoptotic cell death following
ischemic stroke. Neuroscience, 448:126-139.
https://doi.org/10.1016/j.neuroscience.2020.09.036

Kan XC, Chen YS, Huang BX, et al., 2021. Effect of Palrna-
tine on lipopolysaccharide-induced acute lung injury by
inhibiting activation of the Akt/NF-«xB pathway. J Zhejiang
Univ-Sci B (Biomed & Biotechnol), 22(11):929-940.
https://doi.org/10.1631/jzus.B2000583

Kosyna FK, Nagel M, Kluxen L, et al., 2015. The importin

o/B-specific inhibitor ivermectin affects HIF-dependent hy-
poxia response pathways. Biol Chem, 396(12):1357-1367.
https://doi.org/10.1515/hsz-2015-0171

Krolewiecki A, Lifschitz A, Moragas M, et al., 2021. Antiviral
effect of high-dose ivermectin in adults with COVID-19:
a proof-of-concept randomized trial. eClinicalMedicine,
37:100959.
https://doi.org/10.1016/j.eclinm.2021.100959

Latz E, Xiao TS, Stutz A, 2013. Activation and regulation of
the inflammasomes. Nat Rev Immunol, 13(6):397-411.
https://doi.org/10.1038/nri3452

Lechowicz K, Drozdzal S, Machaj F, et al., 2020. COVID-19:
the potential treatment of pulmonary fibrosis associated
with SARS-CoV-2 infection. J Clin Med, 9(6):1917.
https://doi.org/10.3390/jcm9061917

Lin X, Barravecchia M, Kottmann RM, et al., 2019. Caveolin-1
gene therapy inhibits inflammasome activation to protect
from bleomycin-induced pulmonary fibrosis. Sci Rep, 9:
19643.
https://doi.org/10.1038/s41598-019-55819-y

Liu Y, Lu FA, Kang LR, et al., 2017. Pirfenidone attenuates
bleomycin-induced pulmonary fibrosis in mice by regu-
lating Nrf2/Bach1 equilibrium. BMC Pulm Med, 17:63.
https://doi.org/10.1186/s12890-017-0405-7

Mansour SM, Shamma RN, Ahmed KA, et al., 2021. Safety of in-
haled ivermectin as a repurposed direct drug for treatment
of COVID-19: a preclinical tolerance study. /nt Immuno-
pharmacol, 99:108004.
https://doi.org/10.1016/j.intimp.2021.108004

Mittal N, Mittal R, 2021. Inhaled route and anti-inflammatory
action of ivermectin: do they hold promise in fighting
against COVID-19? Med Hypotheses, 146:110364.
https://doi.org/10.1016/j.mehy.2020.110364

Raghu G, Brown KK, Collard HR, et al., 2017. Efficacy of
simtuzumab versus placebo in patients with idiopathic
pulmonary fibrosis: a randomised, double-blind, controlled,
phase 2 trial. Lancet Respir Med, 5(1):22-32.
https://doi.org/10.1016/S2213-2600(16)30421-0

Rodrigues TS, de S4 KSG, Ishimoto AY, et al., 2021. Inflam-
masomes are activated in response to SARS-CoV-2 infec-
tion and are associated with COVID-19 severity in patients.
J Exp Med, 218(3):€20201707.
https://doi.org/10.1084/jem.20201707

Ruiz-Riol M, Berdnik D, Llano A, et al., 2017. Identification of
interleukin-27 (IL-27)/IL-27 receptor subunit alpha as a
critical immune axis for in vivo HIV control. J Virol, 91(16):
¢00441-17.
https://doi.org/10.1128/jvi.00441-17

Sagoo P, Garcia Z, Breart B, et al., 2016. In vivo imaging of
inflammasome activation reveals a subcapsular macro-
phage burst response that mobilizes innate and adaptive
immunity. Nat Med, 22(1):64-71.
https://doi.org/10.1038/nm.4016

Shin JW, Seol IC, Son CG, 2010. Interpretation of animal
dose and human equivalent dose for drug development.
J Korean Orient Med, 31(3):1-7.

Sia DK, Mensah KB, Opoku-Agyemang T, et al., 2020. Mecha-
nisms of ivermectin-induced wound healing. BMC Vet Res,



16:397.
https://doi.org/10.1186/s12917-020-02612-z

Steinhoff M, Vocanson M, Voegel JJ, et al., 2016. Topical iver-
mectin 10 mg/g and oral doxycycline 40 mg modified-
release: current evidence on the complementary use of anti-
inflammatory rosacea treatments. Adv Ther, 33:1481-1501.
https://doi.org/10.1007/512325-016-0380-z

Tian R, Zhu 'Y, Yao JY, et al., 2017. NLRP3 participates in the
regulation of EMT in bleomycin-induced pulmonary fibro-
sis. Exp Cell Res, 357(2):328-334.
https://doi.org/10.1016/j.yexcr.2017.05.028

Vriend J, Reiter RJ, 2016. Melatonin and the von Hippel-Lindau/
HIF-1 oxygen sensing mechanism: a review. Biochim Bio-
phys Acta Rev Cancer, 1865(2):176-183.
https://doi.org/10.1016/j.bbcan.2016.02.004

Wang JP, Wang H, Fang F, et al., 2021. Danggui Buxue Tang

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2023 24(8):723-733 | 733

ameliorates bleomycin-induced pulmonary fibrosis by sup-
pressing the TLR4/NLRP3 signaling pathway in rats. Evid
Based Complement Alternat Med, 2021:8030143.
https://doi.org/10.1155/2021/8030143

Wang ZY, Li XN, Chen H, et al., 2021. Resveratrol alleviates
bleomycin-induced pulmonary fibrosis via suppressing
HIF-1a and NF-kB expression. Aging, 13(3):4605-4616.
https://doi.org/10.18632/aging.202420

Zhang X, Song Y, Ci X, et al., 2008. Ivermectin inhibits LPS-
induced production of inflammatory cytokines and im-
proves LPS-induced survival in mice. /nflammation Res,
57(11):524-529.
https://doi.org/10.1007/s00011-008-8007-8

Supplementary information
Materials and methods





