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A B S T R A C T   

Introduction: SARS-CoV-2 replication in cell cultures has been shown to be inhibited by ivermectin. However, 
ivermectin’s low aqueous solubility and bioavailability hinders its application in COVID-19 treatment. Also, it 
has been suggested that best outcomes for this medication can be achieved via direct administration to the lung. 
Objectives: This study aimed at evaluating the safety of a novel ivermectin inhalable formulation in rats as a pre- 
clinical step. 
Methods: Hydroxy propyl-β-cyclodextrin (HP-β-CD) was used to formulate readily soluble ivermectin lyophilized 
powder. Adult male rats were used to test lung toxicity for ivermectin-HP-β-CD formulations in doses of 0.05, 0.1, 
0.2, 0.4 and 0.8 mg/kg for 3 successive days. 
Results: The X-ray diffraction for lyophilized ivermectin-HP-β-CD revealed its amorphous structure that increased 
drug aqueous solubility 127-fold and was rapidly dissolved within 5 s in saline. Pulmonary administration of 
ivermectin-HP-β-CD in doses of 0.2, 0.4 and 0.8 mg/kg showed dose-dependent increase in levels of TNF-α, IL-6, 
IL-13 and ICAM-1 as well as gene expression of MCP-1, protein expression of PIII-NP and serum levels of SP-D 
paralleled by reduction in IL-10. Moreover, lungs treated with ivermectin (0.2 mg/kg) revealed mild histo-
pathological alterations, while severe pulmonary damage was seen in rats treated with ivermectin at doses of 0.4 
and 0.8 mg/kg. However, ivermectin-HP-β-CD formulation administered in doses of 0.05 and 0.1 mg/kg revealed 
safety profiles. 
Conclusion: The safety of inhaled ivermectin-HP-β-CD formulation is dose-dependent. Nevertheless, use of low 
doses (0.05 and 0.1 mg/kg) could be considered as a possible therapeutic regimen in COVID-19 cases.   

1. Introduction 

The COVID-19 pandemic is arguably the world’s most serious health 
epidemic and the biggest threat since second World War. Currently, 
available protocols for managing COVID-19 patients depends mainly on 
supporting patients, alleviating symptoms and preventing respiratory 
and other organ failures. Although remdesivir, received Food and Drug 
Administration (FDA) authorization for treatment of hospitalized 
COVID-19 patients, there are currently no other specific therapies 

approved by the FDA [1] for this indication. Thus, the world is in great 
need of developing novel medications or repurposing (repositioning) of 
existing ones for other therapeutic application in order to develop safe 
and efficient treatments for COVID-19. Numerous previously available 
medications used as treatments for malaria (chloroquine and hydroxy-
chloroquine) [2,3], SARS-CoV (lopinavir and ritonavir) [4,5], influenza 
viruses (favipiravir and oseltamivir) [6,7], virus C hepatitis (ribavirin 
and sofosbuvir) [8,9] and helminth/parasitic infections (ivermectin) 
were tested for treatment of COVID-19 [10,11]. 

* Corresponding author at: Faculty of Pharmacy, Cairo University, Cairo 11562, Egypt. 
E-mail address: rehab.shamma@pharma.cu.edu.eg (R. N. Shamma).  

Contents lists available at ScienceDirect 

International Immunopharmacology 

journal homepage: www.elsevier.com/locate/intimp 

https://doi.org/10.1016/j.intimp.2021.108004 
Received 7 May 2021; Received in revised form 13 July 2021; Accepted 19 July 2021   

mailto:rehab.shamma@pharma.cu.edu.eg
www.sciencedirect.com/science/journal/15675769
https://www.elsevier.com/locate/intimp
https://doi.org/10.1016/j.intimp.2021.108004
https://doi.org/10.1016/j.intimp.2021.108004
https://doi.org/10.1016/j.intimp.2021.108004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intimp.2021.108004&domain=pdf


International Immunopharmacology 99 (2021) 108004

2

Ivermectin an FDA-approved antiparasitic drug that is used to treat 
several neglected tropical diseases, including onchocerciasis, helmin-
thiases, and scabies [12,13] has demonstrated an excellent safety pro-
file. Ivermectin is a mysterious multifaceted ’wonder’ drug that keeps 
shocking and exceeding expectations [14]. It was repositioned as cancer 
drug [15,16] and showed potent antiviral activity against Zika [17], 
HIV-1 and dengue [18] viruses. Ivermectin was reported to inhibit the 
replication of SARS-CoV-2 in cell cultures [19] possibly through an RNA- 
dependent RNA polymerase (RdRp)-ivermectin complex, which is 
recognized as the most possible target for the in-vitro anti SARS-CoV-2 
activity of ivermectin [20], thus inhibiting coronavirus replication and 
transcription inside the host cell [21]. Noteworthy, available pharma-
cokinetic data from clinically relevant and excessive dosing studies 
indicate that the SARS-CoV-2 inhibitory concentrations for ivermectin 
are much argued. Some authors reported that effective concentrations 
are not likely attainable in humans [22] and suggested that the required 
plasma concentrations necessary for the antiviral efficacy as detected in- 
vitro requires the administration of 100-fold the doses approved for use 
in humans [23,24] due to its poor solubility [25] and bioavailability 
[26]. While others reported that ivermectin achieves lung concentra-
tions over 10-fold higher than its reported EC50 [27]. Despite the fact 
that ivermectin tends to accumulate in lung tissue, expected systemic 
plasma and lung tissue concentrations are much lower than the in-vitro 
calculated half-maximal inhibitory concentration (IC50) against SARS- 
CoV-2 (~2 µM) [28]. SARS-CoV-2-induced lung inflammation or 
injury could further greatly affect the ability of ivermectin to accumu-
late in the lung cells due to changes in the pulmonary microenvironment 
by inflammation provoked alterations in body temperature, enzymatic 
activity, and pH [29]. Hence, the advantages of lung accumulation for 
ivermectin may be hampered during treatment of severe SARS-CoV-2 
infection 

Furthermore, ivermectin neurotoxicity has been raised by Chaccour 
et al., especially in patients with COVID-19-induced hyperinflammation. 
Furthermore, drug interactions with potent CYP3A4 inhibitors (such as 
ritonavir) necessitate careful evaluation of co-administered medica-
tions. Finally, evidence indicates that achieving significant ivermectin 
plasma levels with COVID-19 activity would necessitate potentially 
toxic rises in ivermectin doses in humans [23]. 

Local ivermectin administration directly to the lung may represent a 
potential approach for the difficulties caused by the multiple biological 
barriers that encountered in the drug delivery. Over the past two de-
cades, pulmonary drug delivery has gained much interest, offering an 
interesting route having several advantages over other drug delivery 
routes including high drug-loading efficiency, and enhanced absorption 
to the lung epithelium making the inhalation route an ideal drug de-
livery approach [30]. 

Many pharmaceutical researchers are interested in cyclodextrin (CD) 
complexation as its effectiveness has been demonstrated in improving 
the solubility, stability, and bioavailability of a variety of lipophilic 
active compounds [31–36]. CDs can form stable complexes with protein 
hydrophobic moieties that are vulnerable to aggregation, participate in 
hydrogen bonding with proteins, and have an intrinsic surfactant-like 
effect [37]. Researchers investigated the possibility of using CDs to 
improve the solubility of non-polar medications for inhalation therapy. 
The superiority of hydroxy propyl-β-cyclodextrin (HP-β-CD) over other 
CD derivatives has been clearly identified, and it has been documented 
to actually demonstrate surface-active properties that are needed for 
effective protein surface protection through spray freeze-drying 
[38–40]. 

HP-β-CD was used to formulate inhaled dry powder for salbutamol, 
and results confirmed the successful application of CDs in promoting 
lung delivery of drugs [41]. Furthermore, Guan et al., reported the 
successful use of naringenin-HP-β-CD inhalation solution for nebuliza-
tion to achieve a rapid response with reduced dose for the treatment of 
cough [42]. Milani et al., reported the ability to enhance the stability and 
aerosolization for the freeze-dried IgG formulation using HP-β-CD which 

acted as water-replacement agent or a surfactant [43]. The use of HP- 
β-CD in the treatment of chronic obstructive pulmonary disease has been 
reported via the inhalation route, owing to its ability to decrease the 
production of CXCL-1, a potent chemotactic agent for neutrophils in 
various inflammatory conditions and LPS-induced peribronchial 
inflammation [44]. 

The lyophilization process is used to remove the frozen solvent from 
a sample by sublimation, which involves freezing and then drying the 
sample at low temperature and pressure [45]. Lyophilization is a pivotal 
drying process for pharmaceutical and biopharmaceutical products 
because such process is energy efficiency, scalable and lyophilized 
finished product has low residual water content [46]. Over the last five 
years, the use of lyophilization for both pharmaceutical and biophar-
maceutical development has increased by approximately 13.5 percent 
per year [47]. The freeze-drying method is adaptable, cost-effective, and 
simple to scale up. It’s good for heat- and water-labile drugs, and it is 
supposed to be useful for changing the physicochemical properties of 
hydrophobic drugs. Furthermore, Doile et al., evaluated different 
methods in the preparation of inclusion complexes with β-CD; namely, 
kneading, co-evaporation and freeze drying. Their results confirmed the 
superiority of the freeze drying technique in improving the dissolution 
rate of the poorly water soluble drug, dexamethasone acetate [48]. 

The suggested ivermectin doses in treatment of COVID-19 is very 
high and this can increase its incidence of side effects. This problem can 
be solved by delivering ivermectin to the lung tissue by inhalation. The 
solubility of ivermectin should be enhanced in such delivery system to 
increase its bioavailability. In March 2021, and based on the WHO, the 
decision to use the ivermectin in COVID-19 patients was inconclusive 
and the WHO recommended that the drug can be used within clinical 
trials [49]. Therefore, in this proposed work, ivermectin lyophilized 
formulation was developed using hydroxy propyl-β-cyclodextrin as a 
carrier. The safety of the proposed formulation on lung tissue was tested 
in male Wistar rats using histopathological and biological evaluations. 

2. Materials and methods 

2.1. Drugs and chemicals 

Ivermectin was kindly provided by EgyEuro Animal Health Com-
pany, Egypt and it was originally purchased from North China Pharma 
Group Aino, China with technical purity of 97%. Hydroxy propyl- 
β-cyclodextrin (HP-β-CD) was kindly donated by Roquette, France. 
Tween 80 was purchased from El-Nasr Pharmaceutical Chemicals 
(Egypt). 

2.2. Animals 

Adult male Wistar rats weighing 200 to 220 g were obtained from the 
National Research Centre’s breeding colony (NRC, Giza, Egypt). Before 
beginning any experimental procedure, animals were required to 
acclimate for one week in the animal facility of the Faculty of Pharmacy 
(Cairo University, Egypt). Under a 12:12 light–dark cycle, the rats were 
given unlimited water and a normal laboratory diet. This work was 
undertaken in strict accordance to the recommendations of the Guide for 
the Care and Use of Laboratory Animals of the National Institutes of 
Health. The protocol was approved by the Research Ethics Committee of 
the Faculty of Pharmacy, Cairo University, Cairo, Egypt (PT-2968; 26/ 
04/2021). All procedures were performed under thiopental sodium (50 
mg/kg, i.p.) anesthesia. 

2.3. Preparation of ivermectin formulation 

Briefly, ivermectin was dissolved in distilled water in the presence of 
HP-β-CD as carrier (1:200 wt ratio) to enhance ivermectin solubility. 
Furthermore, 0.02 w/v% Tween 80 was added to the solution. The 
prepared solution was frozen overnight at -80 ◦C, then the frozen 
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solution was lyophilized in a Christ freeze dryer (ALPHA 2–4 LD plus, 
Germany) under a temperature of -80 ◦C and vacuum of 7 × 10− 2 mbar 
for 24 h. After the freeze-drying process, the dried powder was collected 
and stored in a tightly closed container. 

2.4. Determination of ivermectin solubility 

The solubility of the lyophilized ivermectin formulation was 
compared with the solubility for the drug alone and the formulation 
physical mixture. The samples were added in excess amounts in well- 
closed vials containing 3 mL of normal saline solution (reconstitution 
media for lung delivery). The samples were agitated at room tempera-
ture for 72 h using an incubator shaker (IKA KS 4000, Germany). After 
reaching an equilibrium where the solubility became constant, the 
samples were filtered using cellulose membrane syringe filter with a 
pore size of 0.2 µm (Chmlab Group, Spain) to remove the insoluble 
ivermectin. After filtration, the samples were measured for drug con-
centration using an ultraviolet spectrophotometer (Shimadzu Spectro-
photometer UV-1800, Japan) at 245 nm. 

2.5. Reconstitution test 

The reconstitution study of the lyophilized ivermectin formulation 
was performed in normal saline (reconstitution media for lung delivery). 
A proper amount of powder (200 mg) equivalent to 1 mg of ivermectin 
was added into vials containing 3 mL normal saline solution and shaken 
well for the reconstitution. Images were taken at different times to 
observe the reconstitution process using a digital camera (Nikon D5200, 
Japan). 

2.6. Powder X-ray diffraction (XRD) 

The crystalline structure of ivermectin pure powder, HP-β-CD, 
physical mixture, and lyophilized ivermectin formulation, in addition to 
its corresponding non-medicated formulation were examined in a 
Scintag X-ray diffractometer (USA) using Cu-radiation with a nickel 
filter at a voltage of 45 kV, a current of 40 mA and scanning speed of 
0.02◦/sec. The reflection peaks between 2θ = 2◦ and 80◦, the corre-
sponding spacing (d, A◦) were determined using HighScore Plus, Mal-
vern Panalytical Ltd, UK and the relative intensities (I/I◦) were 
determined by calculating the ratio between the height of a selected 
peak in the X-ray diffractogram in the lyophilized formulation (I) and its 
height in ivermectin diffractogram (I◦) [50] 

2.7. Lung toxicity study protocol 

Forty-two animals were randomly and equally allocated into seven 
groups as follows; saline (S), non-medicated cyclodextrin formulation 
(Cd) and ivermectin formulations (I0.05, I0.1, I0.2, I0.4 and I0.8) adminis-
tered the lyophilized ivermectin-cyclodextrin formula reconstituted in 
saline in doses of 0.05, 0.1, 0.2, 0.4 and 0.8 mg/kg, respectively for 3 
successive days. These doses were selected based on the approved oral 
doses in human. Ivermectin was given to rats after conversion of its 
human equivalent doses according to the formula of Phillips [Human 
dose normalized to body mass (μg/kg) = Animal drug dose per unit body 
mass (μg/kg)*(Animal body mass (kg)/ Human body mass (kg))^(1−
constant) where 0.67 as the constant] [51]. Rats were anaesthetized 
with thiopental (50 mg/kg; ip) and the concentrations were adjusted so 
that each animal received 0.1 mL of the solution by intratracheal 
instillation. All rats were weighed daily, and by the end of the experi-
ment (day 4), rats were deeply anaesthetized by an overdose of thio-
pental. Blood samples were obtained from the heart after chest opening. 
Sera were separated for the estimation of surfactant protein-D (SP-D) 
using the corresponding rat ELISA kit and both lungs were quickly 
harvested. The left lung tissue was preserved in 10% formalin in saline 
for histological investigation, while the right lung tissue was sectioned 

into parts and stored at - 80 ◦C until assessed next for the chosen 
biochemical parameters using the respective western blot, PCR, or ELISA 
methods. 

2.7.1. Quantification of serum level of SP-D and lung contents of TNF-α, IL- 
6, IL-13, IL-10 and ICAM-1 

Serum levels of pulmonary surfactant protein-D (SP-D, MBS703468) 
as well as lung contents of tumor necrosis factor-α (TNF-α, 
MBS2507393), interleukin-6 (IL-6, MBS175908), interleukin-13 (IL-13, 
MBS355408), interleukin-10 (IL-10, MBS034393) and intracellular 
adhesion molecule-1 (ICAM, MBS267983) were determined using their 
respective ELISA kits (MybioSource, CA, USA) according to the manu-
facturers’ guidelines. 

2.7.2. Assessment of the protein expression of procollagen III N-terminal 
propeptide (PIII-NP) 

For assessment of the protein expression of procollagen III N-termi-
nal propeptide (PIII-NP), the western blot method was used [52]. 
Briefly, lung tissues were homogenized in phosphate buffered saline. 
Then, 10 μg protein from each lung sample was separated using the SDS 
polyacrylamide gel electrophoresis and transferred to a nitrocellulose 
membrane. The nitrocellulose membrane was incubated with the anti- 
PIII-NP antibody (MBS2120628, (MybioSource, CA, USA) overnight at 
4̊C and the formed blot was detected using enhanced chem-
iluminescence detection reagent (Amersham Biosciences, IL, USA). Re-
sults were expressed as arbitrary units against β-actin using image 
analysis software (Image J, version 1.46a, NIH, Bethesda, MD, USA). 

2.7.3. Estimation of the gene expression monocyte chemoattractant protein- 
1 (MCP-1) 

Gene expression of monocyte chemoattractant protein-1 (MCP-1) 
was estimated using the qRT-PCR technique. Following total RNA 
extraction (Invitrogen Life Technologies, Inc, CA, USA), Mx3000P real- 
time PCR system was used for the qRT-PCR (Stratagene, La Jolla, CA, 
USA) with two-phase program including 2 min at 50 ◦C, 10 min at 95 ◦C, 
40 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C. Each sample was examined 
in duplicate. Relative gene expression was calculated using the 2-ΔΔCt 
method. The primer sequences used for MCP-1 and the reference gene, 
β-actin, are listed in Table 1. 

2.7.4. Histopathological examination of lungs 
Lungs were removed and fixed in 10% formalin in saline for 72 h. All 

specimens were then washed, dehydrated, cleared and embedded in 
paraffin. The paraffin embedded blocks were sectioned at 5 µm thickness 
and stained with haematoxylin and eosin (H&E) for light microscopic 
examination (Olympus BX50, Tokyo, Japan) [53]. A blinded pathologist 
scored the pulmonary histopathological changes in the experimental 
groups using a scoring scale from 0 to 4 for each lung damage parameter 
(congestion, edema, hemorrhage, thickening of interalveolar septa and 
inflammatory cell infiltration) in five microscopic fields per section/rat 
(100x total magnification) [54]. 

2.8. Statistical analysis 

The parametric data were expressed as means ± standard deviations 
(SD) and analyzed using the one-way analysis of variance (ANOVA) test 
followed by Tukey’s Multiple Comparison test. The non-parametric data 

Table 1 
Primer sequences of the assessed genes.  

Gene Sequences 

MCP-1 Forward 5′-CTGCTGCTACTCATTCACTGG-3′

Reverse 5′-TCTGTCATACTGGTCACTTCTACA-3′

β-Actin Forward 5′-TTGTAACCAACTGGGACGATATGG-3′

Reverse 5′-GATCT TGATCT TCATGGTGCTAGG-3′
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(scores) were interpreted as medians and analyzed using the non- 
parametric ANOVA Kruskal Wallis test, followed by the post-hoc 
Dunn’s test. The GraphPad Prism1 software package for windows, 
version 7 (GraphPad Software Inc., CA, USA) was used to carry out all 
statistical tests and drawings. For all statistical procedures, the degree of 
significance was held at p < 0.05. 

3. Results 

3.1. Determination of ivermectin solubility and reconstitution time 

Ivermectin’s solubility changed when incorporated in the physical 
mixture or the lyophilized form (0.0047 ± 0.0004, 0.1431 ± 0.0070, 
0.6005 ± 0.0120 mg/mL, respectively). The reconstitution property of 
the lyophilized powder was evaluated by the addition of 3 mL of normal 
saline solution in vials containing 200 mg powder. Fig. 1 demonstrats 
the rapid dissolution of the lyophilized formulation after 5 s of adding 
the normal saline solution. The lyophilized solution’s clarity was 
compared with the deionized water, which did not show any turbidity or 
drug crystallization, owing to the high solubility of the lyophilized 
powder in water, as previously mentioned. 

3.2. Powder X-ray diffraction 

The physical form was evaluated using powder X-ray diffraction for 
the pure drug, HP-β-CD, formulation physical mixture, non-medicated 
lyophilized formulation, and the prepared medicated lyophilized 
formulation (Fig. 2) in the range from 2 to 80◦ 2θ. Two prominent 
diffraction peaks revealed in the X-ray diffractogram indicating the 
drug’s crystalline nature at 2θ of 9.31◦, and 13.09◦. 

Due to the amorphous nature for HP-β-CD, X-ray diffraction pattern 
showed low intensities broad and diffused peaks. When the ivermectin 
and HP-β-CD were physically blended, their diffractogram revealed their 
combined diffraction patterns. Meanwhile, the physical mixture’s 
diffraction peak intensity decreased, possibly due to powder dilution. 
The intense characteristic peaks for the crystalline structure for iver-
mectin were not detected in the diffraction pattern of ivermectin-HP- 
β-CD lyophilized formulation, but instead, a typical diffuse pattern as 
that for HP-β-CD was detected. The absence of characteristic ivermectin 
diffraction peaks, indicates effective transformation into an amorphous 

state. 
To evaluate the relative degree of crystallinity (RDC), pure drug peak 

at 2θ-value of 9.31 (I◦) was used for calculating the RDC. The calculated 
RDC-values were 0.647, and 0.003, for the formulation physical 
mixture, and lyophilized formulation, respectively. 

Fig. 1. Reconstitution images of the lyophilized powder before and after the addition of normal saline.  

Fig. 2. X-ray diffraction pattern for: (1) ivermectin, (2) HP-β-CD, (3) physical 
mixture for ivermectin with HP-β-CD, (4) non-medicated formulation and (5) 
medicated formulation. 
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3.3. Biochemical studies 

Since all findings showed no statistical significance among the 
normal-control group in which the animals received saline (S) and those 
receiving the non-medicated cyclodextrin formulation (Cd), all com-
parisons were conducted against the Cd group. 

3.3.1. Effect of ivermectin inhalation on the inflammatory and anti- 
inflammatory pulmonary cytokines levels 

As depicted in Fig. 3, intratracheal administration of ivermectin at 
doses of 0.05 and 0.1 mg/kg did not result in any significant alteration in 
the pulmonary contents of the inflammatory cytokines (a) TNF-α, (b) IL- 
6 and (c) IL-13 as compared to Cd group. However, inhaled ivermectin 
at dose of 0.1 mg/kg has markedly declined levels of the anti- 
inflammatory molecule (d) IL-10 as compared to Cd group. In a com-
parable manner, starting from the ivermectin dose of 0.2 mg/kg, a 
profound dose-dependent increase in the levels of the inflammatory 
cytokines namely, TNF-α, IL-6 and IL-13 paralleled by a profound 
reduction in the anti-inflammatory IL-10 was distinguished. 

3.3.2. Effect of intratracheal administration of ivermectin on lung contents 
of ICAM-1 and the gene expression of MCP-1 

As shown in Fig. 4, intratracheal administration of ivermectin at 
doses of 0.05 and 0.1 mg/kg for 3 consecutive days was not 

accompanied by any change in the pulmonary contents of the adhesion 
molecule, (a) ICAM-1 and the relative gene expression of (b) MCP-1 as 
compared to Cd group. In contrast, there were significant upshots in the 
lung contents of ICAM-1 and the gene expression of MCP-1 starting from 
ivermectin dose of 0.2 mg/kg and continued to reach 5.2 and 3.9-folds, 
respectively in ivermectin dose of 0.8 mg/kg as compared to Cd group. 

3.3.3. Effect of intratracheal administration of ivermectin on pulmonary 
protein expression of PIII-NP and serum levels of SP-D 

Intratracheal administration of ivermectin at doses of 0.05 and 0.1 
mg/kg as demonstrated in Fig. 5, did not result in any marked change in 
the lung relative protein expression of the early profibrotic molecule, (a) 
PIII-NP, as well as the serum levels of acute lung injury biomarker, (b) 
SP-D as compared to the Cd group. On the contrary, inhaled ivermectin 
in doses of 0.2 – 0.8 mg/kg significantly increased the pulmonary pro-
tein expression of PIII-NP, as well as the serum levels of SP-D as 
compared to Cd group. 

3.3.4. Effect of intratracheal administration of ivermectin on lung 
histological architecture 

As illustrated in Fig. 6, lungs of (a) normal-control rats (S) revealed 
the normal histological lung architecture, normal alveoli, bronchioles 
and thin interalveolar septa. Similar observations were noticed in groups 
received (b) non-medicated formula (Cd), (c and d) ivermectin with 

Fig. 3. Effect of intratracheal administration of ivermectin on lung (a) TNF-α, (b) IL-6, (c) IL-13 and (d) IL-10 contents. Data are presented as mean ± SD (n 
= 6). As significantly different from (*) S, (#) Cd, ($) I0.05 and (@) I0.1 groups, using one-way ANOVA followed by Tukey’s post-hoc test (p < 0.05). S: saline, Cd: 
cyclodextrin, I0.05, I0.1, I0.2, I0.4, I0.8: ivermectin (0.05, 0.1, 0.2, 0.4. 0.8 mg/kg, respectively), TNF-α: tumor necrosis factor-α, IL-6: interleukin-6, IL-13: interleukin-13 
and IL-10: interleukin-10. 
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doses of 0.05 and 0.1 mg/kg (I0.05 and I0.1, respectively). However, lungs 
of rats treated with (e and f) ivermectin in a dose of 0.2 mg/kg (I0.2) 
revealed mild histopathological alterations with slight focal thickening 
of the interalveolar septa and perivascular few inflammatory cells 
infiltration. Furthermore, severe pulmonary damage was seen in 
examined sections from rats treated with ivermectin dose of 0.4 mg/kg 
(I0.4) with (g) marked interalveolar septa thickening with inflammatory 
cells, (h) edema in the interlobular septa associated with inflammatory 
infiltrate, as well as focal aggregations of inflammatory cells in (h) 
lymphocytes and (i) macrophages. Similarly, lungs of rats treated with 
0.8 mg/kg ivermectin (I0.8) exhibited more severe histopathological 
alterations demonstrated as (j) congestion of pulmonary blood vessels 
and focal hemorrhage, (j and k) marked thickening of interalveolar 
septa with inflammatory cells and (l) multifocal aggregations of in-
flammatory cells (mainly lymphocytes and macrophages) associated 
with perivascular inflammatory cells infiltration. These data are sum-
marized as scoring of the collective and individual structural changes in 

panels m and n, respectively. 

4. Discussion 

The usage of ivermectin in the management of COVID-19 is contro-
versial. Literature existing pharmacokinetic and pharmacodynamic data 
show that SARS-CoV-2 inhibitory concentrations for ivermectin are not 
possibly achievable in humans due to its poor solubility and bioavail-
ability [55–57]. Hence, its use in higher doses may be associated with 
many systemic adverse events. The present work aimed, on one hand, to 
prepare a HP-β-CD lyophilized readily soluble ivermectin formulation 
and, on the other hand, to assess the effect of intratracheal administra-
tion of this formulation on biochemical and histopathological changes in 
the lungs. It is postulated that ivermectin inhaled formulation is effec-
tive in SARS-CoV-2 infections. Hence, assessment of the risk–benefit 
profile of inhaled ivermectin is obliged [58]. 

Ivermectin is classified according to biopharmaceutical classification 

Fig. 4. Effect of intratracheal administration of ivermectin on lung (a) ICAM-1 content and (b) MCP-1 relative gene expression. Data are presented as mean 
± SD (n = 6). As significantly different from (*) S, (#) Cd, ($) I0.05 and (@) I0.1 groups, using one-way ANOVA followed by Tukey’s post-hoc test (p < 0.05). S: saline, 
Cd: cyclodextrin, I0.05, I0.1, I0.2, I0.4, I0.8: ivermectin (0.05, 0.1, 0.2, 0.4. 0.8 mg/kg, respectively), ICAM-1: intracellular adhesion molecule-1, MCP-1: monocyte 
chemoattractant protein-1. 

Fig. 5. Effect of intratracheal administration of ivermectin on lung relative protein expression of (a) PIII-NP and serum levels of (b) SP-D. Data are 
presented as mean ± SD (n = 6). As significantly different from (*) S, (#) Cd, ($) I0.05 and (@) I0.1 groups, using one-way ANOVA followed by Tukey’s post-hoc test (p 
< 0.05). S: saline, Cd: cyclodextrin, I0.05, I0.1, I0.2, I0.4, I0.8: ivermectin (0.05, 0.1, 0.2, 0.4. 0.8 mg/kg, respectively), PIII-NP: procollagen III N-terminal propeptide and 
SP-D: surfactant protein-D. 
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Fig. 6. Photomicrographs of lungs in ivermectin-treated rats (H&E; 200X). Sections of (a) normal control (S) group showing normal histological architecture of 
lung parenchyma with normal alveoli (AV) and bronchioles (B). Sections of (b) non-medicated (Cd), (c) I0.05 and (d) I0.1 demonstrating no histopathological al-
terations. Sections of (e & f) I0.2, (g, h & i) I0.4 and (j, k & l) I0.8 representing thickening of interalveolar septa with inflammatory cells (black arrow), perivascular 
inflammatory cells infiltration (blue arrow), interlobular edema (yellow arrow), congestion of pulmonary blood vessel (red arrow), hemorrhage (grey arrow) and focal 
inflammatory cells aggregation (asterisk) (scale bar = 100 μm). Panels m and n summarize scoring of the collective and individual changes of 5 randomly chosen non- 
overlapping fields, respectively using Kruskal-Wallis followed by Dunn’s multiple comparisons test (p < 0.05). S: saline, Cd: cyclodextrin, I0.05, I0.1, I0.2, I0.4, I0.8: 
ivermectin (0.05, 0.1, 0.2, 0.4. 0.8 mg/kg, respectively), C: congestion, E: edema, H: hemorrhage, TAS: thickening of interalveolar septa, IF: inflammatory cells 
infiltration. 
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system (BCS) as class 4/3 drug, which is practically insoluble in water 
and has low permeability [59]. The prepared lyophilized ivermectin 
formulation showed 127-fold increase in drug solubility than the drug 
alone (p < 0.05). The enhancement of solubility is attributed to the 
complexation of the drug with the hydrophobic cavity of HP-β-CD, 
which increases the drug aqueous solubility [60,61]. HP-β-CD molecule 
has primary, and secondary hydroxyl groups located on the narrow rim 
and wider rim of the molecule [62], respectively, responsible for its 
hydrophilicity [63]. Due to its hydrophilic outer surface and large 
number of hydrogen bond donors and acceptors, HP-β-CD can form 
hydrogen bonds with several drugs. Furthermore, ivermectin molecule 
has several exposed hydroxyl and ester groups [55), which can act as a 
hydrogen bond donor with the hydroxyl groups in HP-β-CD to form 
complex. HP-β-CD was chosen for this study because of its high water 
solubility (50 times greater than β-CD), low parenteral toxicity, and high 
biocompatibility and pharmacological inactivity, allowing it to be 
administered parenterally, orally, ophthalmically, and by inhalation 
[64]. Wang et al., presented a novel approach for complexing hydro-
phobic drugs as Ketoprofen and nitrendipine with HP-β-CD using 
lyophilization [60]. 

On the other hand, the drug in lyophilized form revealed 4-fold in-
crease in drug solubility than the drug in a physical mixture (p < 0.05). 
This can be explained by the fact that, HP-β-CD in physical mixture acts 
only to decrease the interfacial tension between the drug and the 
aqueous medium, while the lyophilization process results in a complete 
inclusion complex with the drug and increases the aqueous solubility 
[65]. This improved solubility of the lyophilized powder is necessary for 
rapid reconstitution in aqueous media before use. 

The rapid reconstitution and solubility of the lyophilized formulation 
are attributed to the amorphous complexation of the drug with HP-β-CD, 
which confirmed the results obtained by the X-ray diffraction study. 
Vass and his team formulated a reconstitution dosage form of vor-
iconazole with HP-β-CD using an electrospinning process. The prepared 
complex showed complete reconstitution and a clear solution after 30 s 
of vigorous shaking [66]. 

Ivermectin has a high melting point (155 ◦C), indicating strong 
crystal lattice energy, which contributes to its poor aqueous solubility 
[50]. The incorporation of the drug into the cavity of a cyclodextrin 
molecule will cause the drug’s crystalline nature to be disrupted, 
resulting in the formation of an inclusion complex. This causes a partial 
or complete loss of drug’s crystallinity, which leads to an increase in its 
solubility. Inclusion complex formation typically causes noticeable 
changes in X-ray diffraction patterns of molecules, such as amorphiza-
tion and the absence of the drug’s characteristic peaks. The character-
istic diffraction peaks of ivermectin were still detected in the physical 
mixture. However, they were significantly lowered in the corresponding 
medicated formulation, indicating a greater amorphousness of the pre-
pared medicated formulation, compared to the plain drug [67]. This is 
indicative that the inclusion compound was formed in the lyophilization 
process and explains the results of improvement in ivermectin solubility 
and the fast reconstitution of the lyophilized powder. Similar results 
were obtained by Ammar et al. in their study on enhancing the solubility 
of glimepiride through the formation of inclusion complex with cyclo-
dextrins [68]. The mechanism responsible for the precipitation of 
amorphous form was proposed that the presence of HP-β-CD inhibited 
solution-mediated crystallization occurring at the initial step of “Ost-
wald’s Rule of Stages.”. It can be concluded that ivermectin was 
molecularly well dispersed in the matrix of HP-β-CD, and amorphous 
ivermectin was formed [69]. Also, this new amorphous form is related to 
finite-size effects, preventing the drug molecules from rearranging 
themselves in a crystal lattice [70]. 

Apart from the improved solubility profile of the HP-β-CD lyophi-
lized ivermectin formulation, the findings of the current work showed 
that intratracheal administration of such formulation loaded with 
different doses (allometric scaling) of ivermectin for three consecutive 
days, indeed, was accompanied by biochemical and histopathological 

changes in the lungs of male Wistar rats. These effects could be sum-
marized as inflammation, profibrotic state, as well as distorted pulmo-
nary histological architecture, that started from moderate dose of 
ivermectin (0.2 mg/kg/day) and escalated up to the higher dose (0.8 
mg/kg/day). However, lower doses of ivermectin namely, 0.05 and 
0.01 mg/kg were not accompanied by any biochemical or histological 
changes. 

Re-positioning of drugs for the management of COVID-19 is an ul-
timate approach, however, it is only possible if the safety of the drug has 
been proved at the dose levels that are effective. Intratracheal admin-
istration of ivermectin at different human equivalent doses viz; 0.2, 0.4 
and 0.8 mg/kg for 3 successive days was accompanied by pronounced 
pulmonary inflammation as evidenced by the increased lung proin-
flammatory cytokines contents namely, TNF-α, IL-6 and IL-13, paral-
leled by reduction in the levels of the anti-inflammatory molecule, IL-10. 
These effects were obvious from the dose of 0.2 mg/kg and up-surged till 
the 0.8 mg/kg dose level. These molecular events were corroborated 
with the histopathological results as manifested by inflammatory infil-
tration and focal aggregations of lymphocytes and macrophages. Such 
changes were reflected as raised serum levels of SP-D, a marker for acute 
lung injury. 

Only few data are available about the safety of inhaled ivermectin 
formulation. A study by Chaccour et al. reported no adverse events on 
rats following the administration of various doses of nebulized iver-
mectin alcoholic solution (lower dose of 80–90 mg/kg and higher dose 
of 110–140 mg/kg), that contradicts with what observed herein [57]. 
On the other hand, these molecular and histological alterations observed 
with the higher doses level in our study were not detected in the lower 
ones viz, 0.1 and 0.2 mg/kg. 

Increased pulmonary inflammatory cytokines levels are documented 
in several cases of lung injury [71–73]. The proinflammatory M1 mac-
rophages mature in response to variety of factors including interferon, 
lipopolysaccharide, high-mobility group protein or other cytokines e.g., 
TNF-α. The activated M1 macrophages further release proinflammatory 
cytokines involving TNF-α and IL-6 as observed herein and create 
cytotoxic oxidant stress and proteolytic states [73]. Although the acute 
lung injury and tenacious inflammation include a delayed or exacer-
bated reaction of M1 macrophages and faulty M2 macrophage-induced 
lung repair, the advancement of ongoing illnesses such as fibrosis and 
cancer are believed to be an outcome of increased production of IL-4 and 
IL-13 by the hyper-responsive subpopulations of M2 macrophages [74]. 
Facts that may explain, at least in part, the observed rise in IL-13 pul-
monary content following ivermectin intratracheal instillation. IL-13 is a 
double-edged sword where it possesses both anti-inflammatory and 
proinflammatory effects. It may induce tissue resident macrophages to 
develop into profibrotic-activated macrophages that are involved in the 
fibrotic responses induced by infections [75], and bleomycin [76] with 
buildup of cytokines and growth factors such as transforming growth 
factor-β during both the pulmonary repair and fibrotic phases following 
the acute inflammatory stage [52]. Accordingly, it can be assumed that 
greater doses of ivermectin might result in serious alterations in the lung 
tissue that may overcome its beneficial antiviral activity against SARS- 
CoV-2. 

The mutual crosstalk between aggravated pulmonary inflammation 
and fibrosis has been also pinned down here. Intratracheal instillation of 
ivermectin in doses of 0.2–0.8 mg/kg markedly enhanced the protein 
expression of the fibroproliferation marker, N-PCP-III, which goes in line 
with a previous report [77]. N-PCP-III is considered as an early response 
to lung injury [78] that liberated during the conversion of type-III 
procollagen to type-III collagen and correlates positively with the 
grade of pulmonary fibrosis [79]. Bejermer et al. showed that patients 
with idiopathic pulmonary fibrosis exhibited higher N-PCP-III levels 
with deteriorated lung function than those with stable disease [80]. 
These results were further supported as mentioned above by the 
elevated SP-D serum levels. Changes in SP-D structure and function have 
been involved in a wide assortment of pulmonary diseases. These 
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include pneumonia [81], acute respiratory distress syndrome [82], 
cystic fibrosis [83], and interstitial fibrosis [84]. 

Another important consequence for the exacerbated pulmonary 
inflammation is the TNF-α mediated stimulation of the cell surface 
glycoprotein, ICAM-1 [85,86] as observed herein following the admin-
istration of ivermectin in doses of 0.2 to 0.8 mg/kg. ICAM-1 performs a 
crucial role in the influx of neutrophils into the lung [87]. Increased 
levels of ICAM-1 have been noticed in cases of airway inflammation 
disorders and in many patients, ICAM-1 levels reflect the severity of the 
disease [88]. Furthermore, it was reported that ICAM-1 levels are 
positively correlated with increased pulmonary fibrosis [89]. To the 
authors knowledge, this is the first report examining the effect of iver-
mectin administration on ICAM-1 level. 

The current investigation further demonstrated that intratracheal 
administration of ivermectin formulation in doses of 0.2 to 0.8 mg/kg 
was accompanied by an upshot in the gene expression of MCP-1, an 
important member of the chemokine family. MCP-1 is crucial in the 
development of inflammation [90]. Chronic and acute inflammation 
was reported to increase MCP-1 expression [91,92]. MCP-1 stimulates 
mononuclear cells, macrophages, and induces cytokine expression by 
binding to its major receptor—CCR2 [93], that may perpetuate the in-
flammatory process as aforementioned. In contradistinction, topical 
treatment with ivermectin in several skin infections was shown to 
reduce the levels of MCP-1 [94,95]. 

5. Conclusion 

Ivermectin-hydroxy propyl-β-cyclodextrin lyophilized formulation 
was prepared in 1:200 wt ratio. The lyophilized ivermectin formulation 
showed 127 and 30-fold increase in drug solubility compared to drug 
alone and drug in the physical mixture, respectively. Ivermectin X-ray 
diffraction patterns changed from crystalline pattern for pure drug to 
amorphous pattern for lyophilized formulation which revealed fast 
dissolution of the lyophilized powder. 

This study also demonstrated the safety of different doses of inhaled 
ivermectin formulation with recommendation that lower doses namely, 
0.05 and 0.1 mg/kg can be used as a potential treatment for COVID-19. 
Moreover, the current work was the first to show the probable delete-
rious impacts of higher doses of inhaled ivermectin (0.2, 0.4 and 0.8 mg/ 
kg) on the lungs. This could be partially attributed to increased in-
flammatory and profibrotic states, as well as distorted lung architecture. 
The value of ivermectin in COVID-19 cases, however, requires further 
investigations to prove its risk/benefit profile. 
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[61] T. Loftsson, P. Jarho, M. Másson, T. Järvinen, Cyclodextrins in drug delivery, 
Expert Opinion on Drug Delivery. 2 (2) (2005) 335–351. 

[62] P. Saokham, C. Muankaew, P. Jansook, T. Loftsson, Solubility of Cyclodextrins and 
Drug/Cyclodextrin Complexes, Molecules 23 (5) (2018). 

[63] M.E. Brewster, T. Loftsson, Cyclodextrins as pharmaceutical solubilizers, Adv. Drug 
Deliv. Rev. 59 (7) (2007) 645–666. 

[64] R.A. Rajewski, V.J. Stella, Pharmaceutical applications of cyclodextrins. 2. In vivo 
drug delivery, J. Pharm. Sci. 85 (11) (1996 Nov) 1142–1169. 

[65] F. Semcheddine, N.E.I. Guissi, X. Liu, Z. Wu, B. Wang, Effects of the preparation 
method on the formation of true nimodipine SBE-β-CD/HP-β-CD inclusion 
complexes and their dissolution rates enhancement, AAPS PharmSciTech. 16 (3) 
(2015) 704–715. 

[66] P. Vass, B. Démuth, A. Farkas, E. Hirsch, E. Szabó, B. Nagy, et al., Continuous 
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