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Abstract: The use of transition metal complexes as therapeutic compounds has become more and
more pronounced. These complexes offer a great diversity of uses in their medicinal applications.
Electronic cigarettes (ECs) are an electronic nicotine delivery system that contain aerosol (ECR).
The ligation behavior of prednisolone, which is a synthetic steroid that is used to treat allergic
diseases and asthma arthritis, and its Zn (II) metal complex were studied and characterized based
on elemental analysis, molar conductance, Fourier-transform infrared (FT-IR) spectra, electronic
spectra, XRD, scanning electron microscopy (SEM), energy dispersive x-ray (EDX), and transmission
electron microscopy (TEM). The FT-IR spectral data revealed that PRD acts as a mono-dentate ligand
via oxygen atoms of the carbonyl group. Electronic and FT-IR data revealed that the PRD/Zn (II)
metal complexes have square planner geometry. Artemisinin (ART) is the active main constituent
of Artemisia annua extract, and it has been demonstrated to exert an excellent antimalarial effect.
The experiment was performed on 40 male mice that were divided into the following 7 groups:
Control, EC group, PRD/Zn, ART, EC plus PRD/Zn, EC plus ART, and PRD plus combination of
PRD/Zn and ART. Serum CRP, IL-6, and antioxidants biomarkers were determined. Pulmonary
tissue histology was evaluated. When in combination with Zn administration, PRD showed potent
protective effects against pulmonary biochemical alterations induced by ECR and suppressed severe
oxidative stress and pulmonary structure alterations. Additionally, PRD/Zn combined with ART
prevented any stress on the pulmonary tissues via antioxidant regulation, reducing inflammatory
markers CRP and Il-6 and improving antioxidant enzymatic levels more than either PRD or ART
alone. Therefore, PRD/Zn combined with ART produced a synergistic effect against any sort of
oxidative stress and also improved the histological structure of the lung tissues. These findings are
of great importance for saving pulmonary function, especially during pandemic diseases, such as
during the COVID-19 pandemic.
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1. Introduction

Electronic cigarettes (also known as e-cigarettes, personal vaporizers, or vapes, and
sometimes abbreviated to e-cigs) are electronic nicotine delivery systems (ENDSs). The E-
cigarette is a battery-powered device that produces an aerosol that usually contains nicotine
to be inhaled by heating a custom solution known as e-cigarette liquid (e-liquid) [1].

The first attempt to design a safer cigarette began after the high association between
smoking and lung cancer was uncovered. As a result, E-cigarette popularity has been
elevated tremendously over the past decades, especially due to advertisements and online
marketing. Indeed, E-cigarettes (Figure 1) have been promoted as a smoking cessation
method, a safer choice than smoking tobacco, and as a means to reduce smoking and to
circumvent smoke free laws [2]. Additionally, E-cigarette components include propylene
glycol (PG), glycerol/vegetable glycerin (VG), nicotine, flavors and sometimes colorings,
which are food-grade or medical-grade. Although these materials are still not proven
to be safe for inhalation, the use of food- and medical-grade ingredients has created a
false perspective that using these e-cigarette is safe [2]. As such, E-cigarette popularly has
increased tremendously over the past decade, especially due to frequent advertisements
and online marketing.
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Figure 1. Structure of the e-cigarette (Caponnetto et al., 2012) [3].

The nature of the e-liquid materials changes after heating, leading to the formation of
harmful compounds that are carcinogenic and neurotoxic, such as carbonyl compounds
and volatile organic compounds (VOCs) [4]. Particulates and heavy metals are also found
in the emitted aerosol [5].

By analyzing e-cigarette aerosol, formaldehyde, acetaldehyde, acetone, acrolein, and
low amounts of propanol were found. The formation of formaldehyde and acrolein may
result from heating glycerol. Furthermore, e-liquids with a greater glycerol percentage
resulted in an increment of carbonyl compounds, such as acrolein. Different temperatures,
flavors, and nicotine concentrations affect the amount of volatile evaporation [6].

The e-cigarette aerosol contains a high concentration of particulate nanometers. One puff
of an e-cigarette results in the inhalation of about 2 × 106 nanoparticles cm3 with a small
size of less than 100 nm. Excessive exposure to nanoparticles can cause toxicity and
degenerative diseases and may lead to brain damage [7].

The pulmonary system is the primary system to be exposed to aerosols from the e-
cigarette, and most reports demonstrate the health effects that were associated with it. These
health effects include headaches, dizziness, coughing, wheezing, asthma, and pneumonia [8].

The synthesis and study of inorganic complexes containing biologically important
ligands is made easier because certain metal ions are active in many biological processes.
Many synthesized mixed metal complexes have been reported to exhibit antimicrobial
properties, and have been shown to be very potent against certain microorganisms [9].

Prednisolone (Figure 2) is a synthetic steroid that is used to treat a wide variety
of chronic disorders, such as allergic diseases, asthma, and arthritis [10]. Prednisolone is
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widely used in the management of a variety of diseases including severe asthma, and certain
gastrointestinal, rheumatic, and hematological disorders [11]. However, a prednisolone
therapeutic approach is also associated with some side effects, which may include an
elevation in blood cholesterol, incidence of diabetes mellitus, elevated blood pressure
and, finally, induction of weight gain [12,13]. Thus, we think that the complexation of
prednisolone may reduce its prospective side effects, and may enhance its effectiveness in
the treatment of various diseases.
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Synthetic glucocorticoids remain at the forefront of anti-inflammatory and immuno-
suppressive therapies. They are widely used to treat both acute and chronic inflammations,
including rheumatoid arthritis and inflammatory diseases, as well as being used in im-
munosuppressive regimes following organ transplant. However, long-term use of oral
glucocorticoids is associated with serious side effects, including an increased risk of car-
diovascular diseases and metabolic diseases [14], and the discovery that many of the
immunosuppressive actions of glucocorticoids are mediated by interference with the sig-
naling by the key inflammatory transcriptional regulators [15]. Thus, carefully controlled
doses, or novel complexes of metals with drugs, of the steroids are useful in suppressing
the excessive and destructive immune response.

Artemisinin is the active main constituent of Artemisia annua extract, a plant used in
traditional Chinese herbal remedies. Artemisinin is an effective constituent extracted from
traditional Chinese medicine Artemisia annua L. Its chemical structure, which possesses a
peroxide bridge, has been demonstrated to exert an excellent antimalarial effect [16]. In
the presence of heme or free iron, the production of ROS (reactive oxygen species) and free
radicals can directly poison the parasites [17].

Lopes et al. [18] synthesized and characterized new Zn (II) complexes with a cisplatin
drug, and evaluated in vitro anti-proliferative activity, and their toxicological safety, using
an alternative model (Artemia salina L.), as well as a BALB/c mouse model. They indicated
that Zn (II) complexes with cisplatin might be a promising source of new metal-based
antitumor agents. The complexes have been demonstrated to be safe for BALB/c mice
when orally administered at the doses tested.

The prednisolone complexity with Zn (II) was investigated using FT-IR, molar conduc-
tance measurements, and magnetic moment testing. The spectroscopic results suggested
structures for prepared prednisolone/Zn complexity. The chemical structure of pred-
nisolone complexity was elucidated by FT-IR, XRD, SEM, and TEM. The aim of this work is
the synthesis of novel prednisolone/Zn complexity, and to evaluate its effectiveness either
alone or in combination with artemisinin in alleviating pulmonary dysfunction induced
by excessive e-cigarette administration as a mimic of severe pulmonary inflammation and
severe oxidative stress, such as happened during the COVID-19 pandemic.

2. Materials and Methods
2.1. Materials and Instrumentations

Prednisolone (PRD) (Figure 2) and ZnCl2 used were purchased from the Aldrich
Chemical Company, Burlington, MA, USA, which are of analytically reagent grade, and
used without further purification. The C and H elements were performed using Vario



Crystals 2022, 12, 972 4 of 16

EL Fab. CHNS, Cairo, Egypt. The FT-IR spectrum of the zinc prednisolone complex
was performed on a Bruker infrared spectrophotometer (Billerica, MA, USA) within the
range of 400–4000 cm−1. The molar conductance of 10−3 M solutions in DMSO solvent was
measured at room temperature with freshly prepared solutions, using a HACH conductivity
meter model. The electronic spectrum was scanned in situ DMSO within the 200–800 nm
range using a Unicam UV/Vis spectrometer (Antwerpen, Belgium). The effective magnetic
moment (µeff) of the zinc complex was measured using Gouy’s method with the help of a
magnetic susceptibility balance from the Johnson Matthey and Sherwood model. The SEM
images were obtained using a JEOL (Tokyo, Japan) Jem-1200 EX II Electron microscope at
an acceleration voltage of 25 kV. The transmission electron microscopy images (TEM) were
performed using JEOL 100s microscopy.

Prednisolone (PRD), as a powder supplied as a vial (1 g), was obtained from Sigma-
Aldrich Co. (St. Louis, MO, USA).

Commercially available e-cigarette aerosol were purchased (Ripe Vapes, Camarillo,
California, USA) (VCT) (30 mg/mL). Artemisinin was purchased from KAN Phytochem-
icals Pvt, Ltd., Haryana, India). It was standardized to contain a minimum of 99%
artemisinin (ART).

2.2. Synthesis of Zn (II) Complex

The [Zn(PRD)(Cl)2]·H2O complex was prepared from ZnCl2 and (PRD) as explained
below. Then, 20 mL of ZnCl2 (1 mmol) in an aqueous solution, was added to a methanol
solution (25 mL) of prednisolone (2 mmol). This was stirred and heated at 70 ◦C for 3 h.
The pH of the solution mixture was adjusted between 8–9 using 1M NH4OH, and then
the complex was precipitated. Filtration was employed for the precipitate, and washing
was performed using methanol. The precipitate was dried under vacuum in a desiccator
using CaCl2. This resulted in a solid brownish yellow product with a (1:2) (Zn: PRD)
molar proportion.

Analysis of the ZnC21H30O6Cl2, (487.38 g/mol) determined the following: %C 51.70
(51.62), %H 6.15 (6.11), %Cl 14.56 (14.53), and %Zn 13.41 (13.53). The C, H and Zn+2

analyses are convenient with the stoichiometry of Zn+2: prednisolone is 1:1. The IR values
in cm−1 using KBr tablets are as follows: 3250 ν(OH), 1651 ν(C=O), 1605 ν(OH) water,
3278,3295 ν(OH) water, 600–700 ν (C–Cl), 520–506 ν (Zn-O).

The chemical reaction scheme for the preparation of the zinc prednisolone complex
can be summarized as follows: ZnCl2 (1 mmol in 20 mL distilled water) + prednisolone
(2 mmol in 25 mL methanol) → stir and heat for 3 h → add 1M NH4OH → adjust the
pH (8–9)→ [Zn(PRD)(Cl)2].H2O + NH4Cl.

2.3. E-Liquid Preparation (Aerosol)

Aerosol materials were purchased from an international online shop, and all were
USP-grade. The e-liquid was prepared in the laboratory to ensure that its composition
was controlled, which made it suit this experiment. The mixer was prepared with a 50/50
PG/VG ratio and a nicotine strength of 30 mg/mL. All measurements were scaled by
weight (g), and all the calculations were performed using the Steam Engine online e-liquid
calculation tool (version 5.1). (www.steam-engine.org, accessed on 2 March 2022).

2.4. Condensation of Aerosol

Treatment was prepared in the laboratory by compensating the e-cigarette aerosol
to be injected into the eggs. First, the e-liquid was prepared manually in order to have
control over the materials’ percentages and to make sure of its authenticity. The device
of evaporation was used with great care and in a clean and sterile manner, where the
evaporator parts were disinfected with 70% ethanol after each use. The condensate was
closely exposed to the animals of treatment in a closed box in order to ensure that the
dosing came from inhalation only.

www.steam-engine.org
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2.5. Experimental Animals

Experiments were conducted on 42 adult male mice (6 mice/group) weighing 30–35 g,
in accordance with the guidance of the animal ethics for the handling and caring of the
animals. Animal caring methods and experimental protocol were approved by the ethical
committee of Zagazig University under approval number ZU-IACUC/2/F/61/2022, by
following the guidelines of international animal care under this approval number. The
experimental mice were kept in healthy conditions and provided with food and drink
ad libitum.

2.6. Animal Model
2.6.1. Experimental Protocol

Male mice (body weight, 30–35 g) were divided into seven groups (six mice per
group). Group I (the control group) was treated orally with physiological saline; group II
were successively exposed to the prepared condensate of e-cigarette according to weight
for 1/4 h for 30 days. Group III (the PRD group) received a single dose of PRD/ZN
(II) (5 mg·kg−1) [18], and was orally treated with ART (150 mg kg−1) [19]; group IV was
exposed to e-liquid evaporates followed by PRD/Zn; group V was exposed to e-liquid
evaporates followed by ART; group VI was exposed to e-liquid evaporates followed by
PRD/Zn and ART at the same dose described previously. The treatment timeline is shown
in Figure 3.
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2.6.2. Blood Samples

After the end of the experiment, blood samples were taken from the male mice eye
plexus and divided into two parts. The first part was used to obtain plasma by the
addition of samples in tubes with EDTA, and the second part was used to obtain serum
by the addition of blood samples in tubes free of EDTA. The samples were centrifuged at
5000 rpm for 20 min.

2.6.3. Estimation of Inflammation Biomarkers

The C-reactive protein (CRP) and interleukins (Il-6) will be determined by Wener et al. [20]
using the ELISA assay kit (SEA821, Aldrich Chemical Company).

2.6.4. Preparation of Pulmonary Tissue Homogenates for the Determination of
Antioxidant Enzymes

A small lung portion was used to determine the oxidative stress markers. The pul-
monary tissue was immersed in slightly basic phosphate buffer (pH 7.4), and then cen-
trifuged. Then, we took the supernatant of the pulmonary tissue homogenates.
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2.6.5. Determination of Oxidative Stress Biomarkers in Lung Tissues

The MDA level was determined according to Ohkawa et al. [21]. The SOD activity was
determined according to Marklund and Marklund [22]. The CAT activity was evaluated
according to Aebi [23]. The GRx was measured according to Couri and Abdel-Rahman [24].
Glutathione peroxidase (GPx) was evaluated according to Hafeman et al. [25].

2.6.6. Histological Changes

Small pulmonary tissue was immersed in 10% neutral buffered formalin for histologi-
cal examination [26].

2.6.7. Antibacterial Activities

The antimicrobial activity of either PRD or PRD/Zn was determined. Antibacterial
activity was tested in triplicate, and then the mean was calculated. In brief, 100 µL of the
best bacteria was grown in 10 mL of fresh media until reaching an amount of approximately
108 cells/mL. Then, 100 µL of the microbial suspension was spread on to agar plates
corresponding to the broth in which they were maintained. Isolated colonies of each
organism that may play a pathogenic role were selected from the primary agar plates and
tested for susceptibility by the disc diffusion method [27]. The Gram-positive bacteria
Bacillus subtilis (Ehrenberg 23857™) and Streptococcus pneumonia (Klein) Chester (6303™)
and the Gram-negative bacteria Escherichia coli (BAA-2471™) were incubated at 35–37 ◦C for
24–48 h. Afterwards, the inhibition zones’ diameters were measured in millimeters [28,29].
Standard discs of tetracycline drug served as positive controls for the antimicrobial activity,
and a filter disc impregnated with 10 µL solvent (dist. H2O, DMSO) was used as a negative
control. The agar used was the Mueller–Hinton agar, which was tested continuously in
terms of its pH. Furthermore, the depth of the agar in the plates was considered in the disc
diffusion method [30].

2.7. Statistical Analysis

Statistical analysis was performed using SPSS software version 27 and Open Epi
version 2.3.1 [31]. Data were presented as mean± S.E. One-way ANOVA analysis, followed
by a post hoc test, was used to analyze the data. A value of (p < 0.05) was accepted as
statistically significant [32].

3. Results
3.1. Microanalytical and Molar Conductance Values

The synthesized zinc complex is a stable compound, insoluble in H2O but with vary-
ing solubility in common organic solvents. The solid zinc complex is thermally stable,
referring to a strong metal–ligand bond. The physical microanalytical data for the zinc
complex is in agreement with its general formulation [Zn(PRD)2(Cl)2],H2O. The molar
conductance value of the complex in dimethyl sulfoxide (DMSO) at a 10−3 M concentra-
tion is Λm = 31 (Ω−1 mol−1 cm−1), indicating its non-electrolytic character [33–35], which
refers to presence of Cl ions inside the sphere of coordination. The C and H and Zn
analysis, as well as the molar conductance data, are accorded with general formula of
Zn·(PRD)2·(Cl)2·H2O, formulated as [Zn(PRD)2(Cl)2],H2O. The coordination modes of
prednisolone toward the zinc (II) ion was explained using infrared, electronic spectra,
magnetic moment, and molar conductance.

3.2. Infrared Spectra

The FT-IR spectrum for [Zn(PRD)2(Cl)2],H2O is shown in Figure 4.The IR for the
prednisolone free ligand has an absorption band at 1651 cm−1, which represents the
carbonyl group, [36] while for the zinc complex this band is shifted to a lower wave number,
confirming that C=O carbonyl is involved in the chelation process. For prednisolone free
ligand, the stretching vibrational motion ν(OH) for hydroxyl groups appeared at 3250 cm−1,
and for [Zn(PRD)2(Cl)2],H2O this band is located in the same position, confirming that



Crystals 2022, 12, 972 7 of 16

the OH group of prednisolone is not contributed in coordination with the Zn(II) ion.
The infrared data for the Zn(II) complex shows a stretching vibration band at 3278 and
3295 cm−1 that are assigned to ν(OH) of water molecules, while the band at 1605 cm−1

is assigned to hydroxyl group of H2O of hydrated H2O molecules, which supports the
presence of H2O outside the chelation sphere [37,38]. There are new bands that appear for
the Zn(II) complex within wavenumbers 600–700 cm−1, and these refer to the stretching
vibration for the (Zn−Cl) bond [37,38].
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The presence of new bands at 570–506 cm−1 that are assigned to the M–O stretching
vibration range for the zinc complex (which absent in the free prednisolone ligand) provide
evidence that the carbonyl group is bonded to the metal ion through the C=O group [36].
Therefore, prednisolone act as monodentate ligand and is coordinated toward the Zn (II)
ion through the oxygen of the carbonyl group.

3.3. UV–Vis Spectra and Magnetic Data

The UV–Vis spectrum for free prednisolone showed absorbance bands in the UV region at
220 and 235 nm, which can be assigned to the π→π* transition. For the [Zn(PRD)2(Cl)2],H2O
complex, the electronic absorption spectra has three absorption bands at 225 nm, 245 nm,
and 255 nm, respectively, due to the π→π* electronic transitions (Table 1) [39]. The intensity
of these bands in the prepared zinc complex is a convenient d10 configuration with tetrahe-
dral geometry that could be possibly proposed for the Zn(II) complex and considered as
diamagnetic, as shown in Figure 5.

Table 1. Electronic spectra and magnetic moments of free ligand prednisolone, and its zinc complex.

Sample
Electronic Bands/nm Magnetic Moment Geometry

π–π* n–π*

Prednisolone 225
235 - - -

[Zn(PRD)2(Cl)2],H2O
225
245
255

- Diamagnetic Square planar
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3.4. X-ray Powder Diffraction

X-ray powder diffraction patterns were used to explain the crystallinity. X-ray powder
diffraction patterns within a range of a diffraction angle of (2θ) 0–100◦ were used to
investigate the nano structural form for the [Zn(PRD)2(Cl)2],H2O complex. The X-ray
powder diffraction (XRD) patterns deduced that the zinc complex has an amorphous shape,
as shown in Figure 4.

3.5. Scanning Electron Microscopy and Transmission Electron Microscopy Studies

The SEM images of the [Zn(PRD)2(Cl)2],H2O complex is shown in Figure 6. The
investigated images for surface morphology having a lot of irregular shapes, and some
have regular grains. The EdX confirmed the presence of Zn ions, as shown in Figure 7.
The TEM images of the [Zn(PRD)2(Cl)2],H2O nanoparticles resulted from the reaction of
zinc chloride salt with one mole of PRD and Zn, as shown in Figure 8. After the complete
formation of new [Zn(PRD)2(Cl)2],H2O, the size particle is in the range of 50–100 nm, with
spherical black spots.
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3.6. Pulmonary Inflammation Markers

Both CRP and IL-6 were markedly elevated in the E-cig group in comparison with the
normal control animals (Table 2). However, other treated groups with either the PRD/Zn
complex or ART, or their combination, exhibited a significant decrease in both inflammatory
markers after exposure to E-cig aerosol.

Table 2. Effects of E-cigs on inflammatory markers and beneficial effects of PRD/Zn and ART in male mice.

Parameters Control E-cig PRD/Zn ART E-cig +
PRD/Zn E-cig + ART E-cig +

PRD/Zn+ ART

CRP (mg/L) 55.02 ± 4.25 c 187.25 ± 5.98 a 33.35 ± 4.25 d 28.25 ± 4.25 d 89.02 ± 4.25 b 92.98 ± 4.58 b 60.02 ± 5.21 c

IL-6 (pg/mL) 34.25 ± 4.02 d 220.03 ± 8.25 a 24.02 ± 4.55 e 20.36 ± 2.02 e 110.06 ± 4.25 b 125.03 ± 5.02 b 75.02 ± 4.02 c

Means within the same column (mean ± SE) with different letters are significant at p ≤ 0.05 using Dun-
can’s multiple range test, where the highest mean value has symbol a and b−e those decreasing in value are
assigned alphabetically.

3.7. Oxidative Stress Enzymatic and Non-Enzymatic Biomarkers

Table 2 showed the alterations in oxidative/antioxidant enzymes in pulmonary tissues
of control and treated male mice with PRD/Zn and/or ART. The MDA levels of E-cig
treated animals were markedly elevated, with a decrease all the antioxidant enzymes
(SOD, CAT, GRx, and GST). The combination of PRD/Zn caused MDA levels to decline
significantly, and improved all the antioxidants more than treatment with E-cigs.

Continuous exposure to E-cig aerosol for successive 30 days resulted in a significant
(p < 0.0005) decline in antioxidant enzymes (CAT, SOD, GRx, and GPx). Moreover, the
E-cig aerosol showed a significant increment in MDA levels compared with the normal
control group (Table 3).
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Table 3. Effects of E-cigs on pulmonary antioxidant enzymes and beneficial effects of PRD/Zn and
ART in lung homogenates of male mice.

Parameters
Normal

E-cig PRD/Zn ART E-cig + PRD/Zn E-cig +ART E-cig + PRD/Zn + ART
Control

CAT (U/g) 5.02 ± 0.58 b 1.02 ± 0.58 e 5.68 ± 1.02 ab 4.97 ± 0.58 c 4.82 ± 0.58 c 4.25 ± 0.67 d 4.99 ± 0.68 cd

SOD (U/g) 3.02 ± 0.87 c 0.58 ± 0.02 d 4.82 ± 0.58 a 4.01 ± 0.58 a 3.55 ± 0.87 c 3.05 ± 0.78 c 3.82 ± 0.25 bc

GRx (U/g) 4.98 ± 1.02 ab 1.25 ± 0.87 e 4.58 ± 1.58 ab 4.05 ± 1.69 b 2.58 ± 0.78 d 2.44 ± 0.61 d 3.77 ± 0.98 c

MDA (µg/mg) 3.01 ± 0.25 e 15.69 ± 0.58 a 4.25 ± 0.69 de 4.02 ± 1.25 de 8.02 ± 1.25 b 8.78 ± 2.25 b 6.02 ± 1.02 c

GPx (U/g) 8.87 ± 1.69 ab 2.058 ± 0.78 f 8.67 ± 1.58 ab 8.02 ± 2.02 b 4.02 ± 0.58 e 5.41 ± 1.66 de 7.02 ± 1.69 c

Means within the same column (mean ± SE) with different letters are significant at p ≤ 0.05 using Dun-
can’s multiple range test, where the highest mean value has symbol a and b−e those decreasing in value are
assigned alphabetically.

3.8. Histological Examination

Figure 9 shows sections of pulmonary tissues displaying a normal structure in the
control group, as well as abnormalities in the group successively exposed to the E-cig
aerosol for 30 days, Meanwhile, there was great amelioration in groups treated with E-cig,
combined with either PRD/Zn and/or ART and the best amelioration was recorded in
the last group treated with a combination of PRD/Zn + ART after successive exposure to
E-cigs for 30 days (Figure 9).
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Figure 9. (A) Control group: photomicrograph of a cross-section of the pulmonary tissues, showing
normal alveoli (black star) and interalveolar septa (arrow) (H&E × 400). (B) Photomicrograph of
the lungs of male mice after exposure to the aerosol of an E-cig, showing the loss of the normal
architecture of the lung thickening of alveolar wall and marked interstitial inflammatory infiltrate
(H&E × 400). (C) Photomicrograph of the pulmonary tissues of PRD/Zn showing normal alveoli
with interalveolar septa (***). (D) Photomicrograph of a cross-section of the pulmonary tissues
of ART showing normal alveoli with interalveolar septa (***). (E) Cross-section of the lungs of
male mice after the administration of the aerosol of an E-cig, followed by PRD/Zn, showing mild
thickening of some alveoli (arrow), while other areas showed mild inflammatory infiltrate (star)
(H&E ×200). (F) Photomicrograph of the lungs of male mice after administration of the aerosol of an
E-cig, followed by ART, showing mild thickening of some alveoli (arrow) while other areas showed
mild inflammatory infiltrate (star) (H&E × 200). (G) Photomicrograph of the lungs of male mice
after the administration of the aerosol of an E-cig, followed by both PRD/Zn and ART, showing a
high recovery of normal pulmonary tissues with partial subsiding of inflammation (***), with a mild
thickness of alveoli (H&E × 100).

3.9. Antibacterial Activity Evaluation

Biological evaluations and antibacterial activity for the PRD/Zn complex were carried
out against (Bacillus subtilis and Streptococcus pneumoniae) which are Gram-positive, and
(Escherichia coli), which is Gram-negative bacteria. The results are shown in Table 4 and
reported in Figure 10. The inhibition zones’ diameter of the drug amikacin were found
against Gram-positive bacteria and Gram-negative bacteria to be 36, 31, and 35 mm,
respectively. Table 4 and Figure 10 showed that all the complexes were efficient, with a
sufficient antimicrobial activity that exceeded PRD itself.
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Table 4. Diameter of the inhibition zone (mm/mg sample) of the PRD and PRD/Zn metal complexes.

Sample Inhibition Zone Diameter (mm/mg Sample)

Bacillus subtilis
(G+)

Escherichia coli
(G−)

Streptococcus
pneumoniae (G+)

Control (DMSO) 0.0 ± 0.0 c 0.01 ± 0.0 d 0.0 ± 0.0 d

PRD 3.80 ± 0.11 b 3.76 ± 0.31 c 5.8 ± 0.73 c

PRD/Zn 12 ± 0.62 a 10.98 ± 0.96 a 16 ± 0.21 a

Means within the same column (mean ± SE) carrying different letters are significant at p ≤ 0.05, where the highest
mean value has the symbol a and b−d those decreasing in value are assigned alphabetically.
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4. Discussion

Previous studies showed that E-cigarette aerosols showed diverse health effects [40].
The main risk of using E-cigarettes, is their deleterious effects on pulmonary tissues and the
induction of severe oxidative stress in different organs of the body. Thus we determined to
use novel metal complex of PRD/ZN in combination with ART to alleviate the side effects
of E-cigarettes and to elevate immune response and enhance pulmonary functions, to be an
adjuvant therapy during pandemic diseases.

Recently, Sassano et al. [41] proved that the two primary ingredients found in e-
cigarettes—propylene glycol and vegetable glycerin—are highly toxic to cells, and that
the more ingredients in an e-liquid, the greater the toxicity. This confirmed the obtained
results of the current study, which showed the high toxicity of e-cigarette aerosol on
pulmonary tissues that was proved by histological examination that clarifies the loss of
normal architecture of lung thickening of the alveolar wall, as well as marked interstitial
inflammatory infiltrate. These findings, in addition to the elevation of the inflammatory
markers CRP and IL-6, confirmed this concept greatly.

Confirming the current concept of the study about the risk of e-cigarette aerosol, pre-
vious studies confirmed that there is evidence of the chemical transformation of propylene,
which is one of the ingredients of e-cigarettes, after vaping to relatively toxic compounds.
This depend on flavor, and this confirmed the current finding via the presence of pulmonary
toxicity induced after exposure to aerosol and, thus, there is an increment in e-cigarette
toxicity after vaping.

The actual deposition of e-liquids that were vaped into the pulmonary tissues re-
mains recently evaluated. However, the predicted E-cig aerosol deposition in the lungs
is approximately 25% [42]. Therefore, if 1 mL of e-liquid is inhaled and, assuming a total
volume airway surface of the e-liquids in the pulmonary tissues of approximately 3 mL,
this would lead to 1/4 mL being deposited, suggesting that the dilution factor is about 1:12,
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or equivalent to approximately 8%. It has been previously proven that e-liquids have a
LC50 that is about 6% or perhaps less, and this would suggest that the liquids in e-cigarettes
may reach biologically relevant levels in the pulmonary tissues. Additionally, it has been
recently demonstrated that vaping significantly alters the secreted human airway’s internal
structures [43]. Thus, we are still discovering the relative e-cigarette toxicity of liquid
constituents and their implications for the pulmonary airways.

Propylene glycol is a chemical that is the main constituent of E-cigarette liquid. Pre-
vious studies confirmed that PG can induce acute renal and neurotoxicity [44] and, thus,
propylene glycol inhalation can cause both hepatic and renal toxicity [45]. These finding
are in parallel with the current finding that previously showed that propylene glycol causes
a disturbance of renal glucose transport [46,47].

Corticosteroids are used widely for the prevention of bronchopulmonary dysplasia.
Proposed mechanisms include the promotion of antioxidant lung enzymes, the inhibition
of inflammatory cell infiltration, and the reduction of the severe pulmonary edema [48].
Prednisolone is an attractive choice for this patient population given its successful use in
pulmonary disease states, such as asthma [49].

The majority of controlled trials focus on using dexamethasone or hydrocortisone.
Despite this, many patients still develop severe pulmonary diseases, especially during
pandemic diseases, such as COVID-19, and there is limited evidence to inform on the risks
and benefits of the use of corticosteroids with established bronchopulmonary dysplasia [50].
Thus, the main goal of the current study was to test the effect of a novel complex of PRD/Zn
on pulmonary functions and antioxidant enzymes with beneficial effects on the lung tissues,
and the enhancement of the immune system, especially during pandemic diseases, such as
the COVID-19 pandemic.

Hryniewicka et al. [51] demonstrated that some of the new steroid salts exhibited
high antifungal activities, and that these new compounds could be potentially useful in
inhibiting agents against pathogenic fungi. This confirmed the high antibacterial activities
of the novel synthesized PRD/Zn complex.

Artemisinin, a natural product, has received considerable attention in the last few
years as a potent antimalarial drug. Xia et al. [52] demonstrated that animal studies showed
that artesunate can increase renal blood flow, while in a clinical study, liver function,
kidney function, and routine blood tests remained normal in most patients treated with
artesunate [53], and this confirmed the obtained results that proved ART beneficial effects
without incidence of organ toxicity.

Ahmed-Laloui et al. [54] tested the antioxidant capacities of three different Artemisia
species and assessed their chemical structure using HPLC. They demonstrated that there
was a remarkable antioxidant capacity found in all artemisia methanolic extracts analyzed,
and this confirmed the great antioxidant capacities of ART against oxidative injury induced
by e-cigarette aerosol and also improved the histological structure of the lung and reduced
oxidative stress greatly.

5. Conclusions

The current study demonstrated that pulmonary tissues were affected by E-cigarette
administration, and that pulmonary tissues were greatly improved after PRD/Zn complex
administration with ART, which ameliorated inflammation markers and has contributed to
an improvement in the pulmonary functions than was observed when using of E-cigarette.
Our results confirmed that the PRD/Zn complex in combination with ART were effective
and safe for the treatment of pathological alterations in the lung tissues and any sort of
oxidative injury with more antioxidant capacity. These novel results open a new avenue to
develop new therapeutic combination strategies for saving the health of the pulmonary
tissues or even the prevention of any respiratory complications, such as during the COVID-
19 pandemic and declined inflammatory markers that can reduce the need for mechanical
ventilation in pandemic respiratory diseases.
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