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Abstract

Background: In all drug development phases, measures of safety and efficacy parameters are
crucial. Asthma, a global public health issue, seriously affects the life quality of children.
Theophylline, a phosphodiesterase inhibitor, is a drug that has been employed in treating
respiratory diseases. In fact, pediatric formulation of theophylline for this purpose do not exist.
Objective. Development and evaluate pharmacologically a new oral formulation of theophylline,
and the protective effects by biomarkers of oxidative stress using ovalbumin sensitized Balb/c
mice. The new oral theophylline solution not only met the parameters of exact dose, rheology,
compatibility, viscosity, pH, taste and stability; but also fulfills the specifications of the
pharmacokinetic parameters validated by HPLC-UV and Mass Spectroscopy. Results. In vivo
the results showed that theophylline significantly inhibited OV A-induced mucus production and
inflammatory response, and considerably impaired OVA-induced generation of reactive
oxygen species. Discussion. The results suggest that theophylline formulation relieves
asthmatic airway inflammation. Besides, histological changes revealed lesions of lung cells in
experimental animals treated with ovalbumin. We believe that this involves oxidative stress-
responsive lipid peroxidation pathway; thus, highlighting its potential as a useful therapeutic agent
in the management asthmatic children.

Keywords: theophylline drops; mono-compartment model; lipid peroxidation; oxidative
damage; mouse Balb/c

Introduction

In Mexico, the official statistics of the Secretary of Health reveals that the main causes of death
in children under one year of age are asphyxia and trauma at birth (30.4%), lower airway acute
respiratory infections (8.6%), newborn bacterial sepsis (8.5%), congenital heart malformations (7.2%),
intestinal infectious diseases (4.1%), suffocation (3.7%), low birth weight and prematurity (3.6%),
among others. In the same way, the report indicates that the main cause of death in children between
one and four years of age is lower airway acute respiratory infections (9.7%) [1]. In the management
of premature apnea, the Diagnosis and Treatment of Premature Apnea Clinical Practice Guide (CPG)
recommends a scheme of aminophylline or theophylline administration [2]. Theophylline is a
common drug employed in the treatment of wheezing, shortness of breath and asthma induced chest
tightness, chronic bronchitis, emphysema and other lung diseases [3]. It has effects on the Central
nervous system by stimulating the respiratory center [4]. Currently, the limitation in the use of
theophylline in children is the lack of good pharmaceutical formulation. This has led to the
development of oral theophylline solution (drops), in a concentration of 1mg/ml with adequate
excipients that permit the correct dosage for pediatric patients (Table 1). The new oral theophylline
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solution not only met the parameters of exact dose, rheology, compatibility, viscosity, pH, taste and
stability; but also fulfills the specifications of the pharmacokinetic parameters.

Induced respiratory failure is also characterized by activating oxidative stress-responsive NF-
kB pathway [5]. One of the events in this pathway is cell susceptibility to oxidative damage due to
excessive production of reactive oxygen species (ROS) implicated in pathologic process [6]. Free
radicals (FR) are reactive species that possess unpaired electron. They are principally the products of
nitrogen and oxygen metabolism, and are generated from normal metabolic reactions, as well as rom
exogenous factors [7]. These radicals are heavily involved in the damage of cell components,
particularly the plasma membrane lipids [8]. The central nervous system (CNS) mediates food
consumption control and production of FR. In addition, it actively takes part in food metabolic
functions [9]. Studies have shown that membrane mechanical changes determine many biological
processes. These mechanical changes involve the participation of different kinds of lipid components
[10]. In the brain, plasma membrane phospholipids are in direct contact with lipid bilayer structural
proteins [11]. The ionic interchanges occurring in this bilayer are as a result of the action of Na*, K*
ATPase [12]. This enzyme stimulates Na* and K* flows through the bilayers.

Nitric oxide is a neuromodulator. At high concentrations, it induces cell damage via oxidative
stress or by the formation of nitroso-glutathione (NOGSH). Moreover, mitochondrial ultrastructural
alterations as well as DNA damage have been reported due to the action of nitric oxide- (NO-)
dependent oxidative stress in neurodegenerative disorders [13]. We studied the protective effect of a
novel theophylline formulation on selected biomarkers of oxidative stress in brain and lung
inflammation in a mouse model.

Material and Methods

Chemicals

Theophylline, cafeine were purchased from Sigma-Aldrich (St. Louis, USA) an d Sodium
hydroxide, sodium phosphate monobasic and dibasic hydrate, trichloroacetic acid, perchloric acid,
tris-HCl, potassium cyanide, potassium ferricyanide, formic acid, carbon tetrachloride was purchase
from Merck (Darmstadt, Germany) and methanol, acetonitrile (analytical grade) were purchased
from Sigma-Aldrich (St. Louis, USA). Water was purified in-house with Milli-Q® Millipore system
(Merck KGaA, Darmstadt, Germany).

Biological Evaluation

A basic in vivo experimental study was performed using 100 Balb / ¢ mice comprised of 50 male
and 50 female animals. The animals were divided in five groups of 20 mice each consisting of 10
males and 10 females. The animal groups were treated as follows: group I, healthy mice with
administration of intranasal isotonic saline solution (control); group II, sick animals without
theophylline treatment; group III, sick mice in treatment with oral theophylline solution (2mg / ml);
group IV, sick animals in treatment with intravenous theophylline solution (20mg / ml) and group V,
healthy animals with administration of intraperitoneal isotonic saline solution (control). After one
week of adaptation in laboratory conditions, the animals of groups II, IIl and IV were sensitized with
two doses of 100 pig of ovalbumin (OVA), intraperitoneally administered on days 0 and 14 without
the presence of adjuvants. Thereafter, nine intranasal doses of 500 pig OVA were given to each of the
mice in these groups on days 14, 27, 28, 29, 47, 61, 73, 74 and 75.

Mouse was decapitated after the latest administration of the treatment and their cerebrum were
immediately dissected and submerged in a solution of NaCl at 0.9% and maintained at 4°C. Besides,
blood samples were obtained and used to assess the levels of hemoglobin and triglycerides. Each
brain and lunge were homogenized with Teflon pestle (Bodine Electric, Danbury, CT) in 3ml of tris-
HC1 0. 05M pH 7.2 and used to assay the peroxidation of lipids (TBARS), H20: and the glutathione
(GSH) levels determination using previously validated methods. The samples were kept at —20°C
until their analysis. Animals were maintained in a mass air displacement room with a 12-h light:12-
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h dark at 22 + 2°C with a relative humidity of 50 + 10%. Feeding was based on balanced food (Rodent
diet 5001, Minnetonka, MN) and water ad libitum. Experiments were carried out under strict
compliance with the Guidelines for Ethical Control and Supervision in the Care and Use of Animals.
The measurement of hemoglobin was carried out at the end of treatment. Two blood samples of 20ul
each were drawn from the tail-end without anticoagulant and placed on solution to measure in
spectrophotometer UV-VIS (Beckman, model DU-650, Philadelphia, USA) the concentrations of
hemoglobin reported in mg/dl [14]. The levels of GSH were measured with spectrofluorometer
(Perkin Elmer LS 55, Beaconstield, England) from the supernatant of the homogenized tissue, which
was obtained after centrifuging at 9000 rpm during 5 min (Hettich Zentrifugen, model Mikro 12-42,
Tuttingen, Germany) based on a modified method of Hissin and Hilf [15].

Lipid peroxidation

Thiobarbaturic acid reactive substance (TBARS) determination was carried out using the
modified technique of Gutteridge and Halliwell [8], as described below: From the homogenized brain
in tris-HCl 0.056M pH 7.4, 1ml was taken and to it was added 2ml of thiobarbaturic acid (TBA)
containing 1.25g of TBA, 40g of trichloroacetic acid (TCA), and 6.25ml of concentrated chlorhydric
acid (HCL) diluted in 250ml of deionized H2O. They were heated to boiling point for 30min.
(Thermomix 1420, Craft, Mexico City, Mexico). The samples were later put in ice bath for 5min. and
were centrifuged at 700g for 15min. (Sorvall RC-5B Dupont, Newton CT). The absorbances of the
floating tissues were read in triplicate at 532nm in a spectrophotometer (Helios de UNICAM,
Cambridge, England). The concentration of reactive substances to the thiobarbaturic acid (TBARS)
was expressed in uM of Malondialdehyde/g of wet tissue.

The determination of H202 was made using the modified technique [16]. Each brain region
(cortex, hemispheres, cerebellum/medulla oblongata) was homogenized in 3 ml of tris-HCl 0.05M pH
7.4 buffer. From the diluted homogenates, 100ul was taken and added to 1ml of potassium
dichromate solution 5% (K2Cr207) and perchloric acid. The mixture was heat to boiling point for
15min. (Thermomix 1420, Craft, Mexico City, Mexico). The samples were later placed in an ice bath
for 5 min and then centrifuged at 3,000g for 5min. (Sorvall RC-5B Dupont, Newton CT). The
absorbances of the floating were read in triplicate at 570nm in a spectrophotometer (Helios-a,
UNICAM, Cambridge England). The concentration of H2O2 was expressed in pMoles.

Theophylline in plasma

At the end of the study the animals were sacrificed and collected the blood to measure
theophylline levels on plasma using an analytical method based on UPLC-Mass spectrometry system,
(Waters, Massachussets USA) for quantification of theophylline in mouse plasma after oral
administration [17]. The analyte was extracted from plasma by protein precipitation with methanol
using cafeine as internal standard (I.S). Chromatografic conditions: Detector UV, A 273nm, C18-4D
column using a gradient elution of acetonitrile and 0.1% formic acid in water at a flow rate of 0.1
mL/min. Theophylline and 1.5, 10ul in carbon tetrachloride. were detected and quantified using
positive electrospray ionization. Total run time was finished in 4.5 min. The data suggested that the
precision and accuracy of the method were sufficient for the quantification of theophylline in plasma
of animals with oral theophylline treatment and previously sensitized with ovalbumin.

Statistical analysis of biological assay

Descriptive statistics include tables and graphs with measures of central tendency and
dispersion. The strategy employed for inference analysis was a comparison of the levels of
Hemoglobin (Hb), Glutathione (GSH), lipid peroxidation (Tbars) and Hydrogen Peroxide (H20:)
between the experimental groups using hypothesis-contrasting tests: Analysis of variance (ANOVA)
or "t" for Student.
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All tests were conducted with respect to the premises for the use of parametric statistical tests.
Non-parametric tests i.e. Kruskall Wallis test or Wilcoxon test were used to verify the non-existence
of homogeneous variances by Bartlett's X2 test. The appropriate post-hoc test, i.e. Tukey or Dunnett
test, was performed in cases where data allowed this [18]. The JMP version 10.0 for academic was
used.

Results

Preformulation studies (Farmacopea; 2013):

Characterization of the active ingredient, Appearance, Particle size, True density, Identification
of the active ingredient, Identity essay, Melting point, Thin Layer Chromatography (TLC), Stability
of the active ingredient, Drug-Excipient compatibility tests [19].

Table 1. Novel oral solution of theophylline.

Components Quantity
Theophylline 0.080g
Conservative 0.104g
Antioxidant 0.320g
Solubilizer 2 0.104g
Glycerine 0.2ml
Sweetener 0.112¢g
Flavoring 2 drops
Water Enough to 80ml

Formulation Studies

Dynamic viscosity, sedimentation volume, pH, flavor, suspension time, and Rheogram were
measured using viscous (viscos), conservation (conserv) and sweetener (edulco) of novel oral
theophylline drops (1mg/ml), by lineal model with simplex lattice experimental design [20] (Figure

1).
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Figure 1. Dynamic viscosity, sedimentation volume, pH, flavor, suspension time, and Rheogram were measured

in the novel formulation.

Accelerated stability was evaluated with multiple samples that were injected to UPLC-UV

system, to evaluate each batch of oral theophylline solutions exposed to different temperature

intervals (4°C, 25°C and 40°C). The analyte was extracted with precipitation and evaporation of

methanol using cafeine as internal standard. Non-significant differences were detected on 10 weeks

(Figure 2).
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Figure 2. Accelerated stability curves of novel oral theophylline drops.

Pharmacokinetic of the novel oral theophylline drops in Balb/c mouse plasma male and female

was determined. Pharmacokinetic profile was observed, with significant difference between both

genders and adjust to Mono-compartment model as shown in Figure 3 and Table 2
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Figure 3. Pharmacokinetic of novel oral theophylline drops in Balb/c mouse plasma male and female.

Table 2. Pharmacokinetic parameters. Mono-compartment model.

Sex | Tmax | Cpmax AUCo+ AUCo-- vd CL T1/2 | Bioavailability
(min) | (ng/mL/h) | (ng/mL/h) | (ng/mL/h) | (L/k) (L/h) (h)
Male 30 606.992 710.4603 11.3152 0.0219 | 0.0052 | 2.431 1.0834
Female | 30 1032.731 | 1313.8403 3.6247 0.0040 | 0.0037 | 0.748 1.1308

Levels of glutathione (GSH)

In the female animals, the concentration of GSH showed a significant increase. ANOVA (p
<0.001) in the brain of the experimental groups (No / ovalbumin No / theophylline) when compared
with the control groups. Comparison between the experimental groups (II — IV) does not show
significant differences; however, it is worthy to note that the group II treated with only ovalbumin
depicted similar behavior as the groups that received both oral and intravenous theophylline.

In the case of male animals in the group treated with only ovalbumin showed a significant
increase in GSH with respect to the groups that received intravenous ovalbumin + theophylline.
ANOVA (p<0.02), and the group that received oral theophylline and OVA. ANOVA (p< 0.01). The
results showed a differential response to treatment with ovalbumin or theophylline in male animals
in these groups. Table 3.

Lipid peroxidation (TBARS)

In female’s animals, TBARS concentration showed significant differences. Wilcoxon (p=0.003)
when the experimental groups (ovalbumin + oral theophylline and ovalbumin + intravenous
theophylline) were compared with the control groups (No / ovalbumin No / theophylline).

Among the experimental groups, the statistical analysis revealed significant differences.
Wilcoxon (p=0.0009) in TBARS concentration between the groups treated with only oral theophylline
and those that were administered ovalbumin + oral theophylline. The same behavior was observed

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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when this group of animals were compared with those to which only ovalbumin was administered.
In male animals, no differences were observed in the levels of TBARS. Table 3.

Levels of Hemoglobin (Hb)

The effect of the administration of albumin and theophylline on the hemoglobin concentration
was only seen in the female animals in the groups that received these treatments. The administration
of ovalbumin + theophylline increased Hb concentration in all groups, and this was statistically
significant. Wilcoxon (p <0.03) only when the control groups (No / ovalbumin No / theophylline) was
compared with the experimental groups (yes / ovalbumin + oral theophylline and yes / ovalbumin +
theophylline iv). On comparing the experimental groups, a significant difference. Wilcoxon (p <0.05)
was observed between the group yes / ovalbumin without theophylline vs the group yes / ovalbumin
+ oral theophylline. In the male animals in the groups, no difference was observed. (Table 3)

The analysis of the data showed that the behavior of all the biochemical indicators evaluated
was different for male and female animals.

Table 3. GSH levels in the brain (Mean + SE) in females and males in the groups treated with oral or intravenous
ovalbumin and theophylline. * p <0.001: control vs. the rest of the experimental groups in the female animals. **
p <0.02: ¢/ ovalbumin without theophylline vs. s / ovalbumin / oral theophylline and c¢ / ovalbumin / theophylline
iv in the male animals. Levels of TBARS in the brain (Mean + SE) in females and males in the groups treated with
ovalbumin and oral or intravenous theophylline. Wilcoxon * p <0.02: Control vs. ¢ / ovalbumin + oral
theophylline and ¢ / ovalbumin + theophylline iv in the female animals. ** p <0.05: Control vs the groups c /
ovalbumin / oral theophylline and ¢ / ovalbumin / theophylline iv in the female animals and NS in the male
animals. Hb levels (Mean + SE) in male and female animals in the groups treated with oral or intravenous
ovalbumin and theophylline. * p <0.05: Control vs. ¢ / ovalbumin + oral theophylline and ¢ / ovalbumin +

theophylline iv. ** p <0.02: Ovalbumin without theophylline vs. ovalbumin + oral theophylline.

GSH nMoles/g of Tbars pM of Hb
wet tissue Malondialdehyde/g of mg/dL
wet tissue

Treatment Sex Mean S.D. Mean S.D. Mean | S.D.
Control Female 417.63 62.06* 11.68 5.47* 15.89 | 7.14*

Male 237.99 41.70 4.07 0.24 18.68 | 6.54
Ovalbumin Female 712.24 199.32 7.02 3.21 22.38 | 3.04**

Male 316.51 | 90.29** 4.10 0.37 2043 | 6.92
Theophylline oral Female 655.07 117.88 7.72 2.79 2438 | 2.25

Male 172.05 34.99 3.68 0.39 2099 | 2.87
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GSH nMoles/g of Tbars uM of Hb
wet tissue Malondialdehyde/g of mg/dL
wet tissue

Treatment Sex Mean S.D. Mean S.D. Mean | S.D.
Ovalbumin +|Female 654.72 | 121.54 3.17 0.41 27.41 | 522
Theophylline oral

Male 230.42 61.30 3.65 0.26 19.29 | 5.32
Ovalbumin +|Female 67724 | 124.53 5.56 3.48 2582 | 4.56
Theophylline Iv

Male 214.37 62.41 3.63 0.40 23.46 | 3.72

GSH in the lung

The effect of the administration of the treatments on the concentration of GSH in the lung was
only observed with a significant increase. ANOVA (p =0.02) in the male animals in the group treated
with ovalbumin + oral theophylline. However, this observation holds the truth when this group is
compared with the rest of the groups including the control groups. No statistically significant
differences were observed among the female animals in the groups, even though the group treated
with ovalbumin + oral theophylline also showed an increase in GSH levels. Table 4.

Table 4. Lung GSH levels (Mean + SE) in male and female animals in the groups treated with oral or intravenous
ovalbumin and theophylline. * p = 0.02 Control vs. the rest of the experimental groups.

GSH (Lung)
Female Male
Treatment Mean SD N Mean SD N
Control 3889.44 | 350.38 8.00 2440.33 | 424.99 4.00
Ovalbumin 4603.38 | 831.55 8.00 2531.52 | 595.14 8.00
Theophylline 4481.77 | 720.32 8.00 3207.12 | 546.00 8.00
Ovalbumin+Theophylline oral | 5036.07 | 613.18 8.00 *6191.87 | 1246.84 5.00

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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GSH (Lung)
Female Male
Treatment Mean SD N Mean SD N
Ovalbimina+Theophylline Iv | 3190.34 | 378.20 8.00 2938.82 261.16 6.00

Levels of H:0:

The statistical analysis of the data showed that for both the female and male animals, the
administration of ovalbumin or theophylline did not show effects on the biochemical indicators
evaluated. Although, an increase in H20:2 was observed in the male animals in the group that received
only ovalbumin; however, this increase was not statisticaly significant. (Table 5)

Table 5. H202 levels in the brain (Mean * SE) in male and female animals in the groups treated with oral or

intravenous ovalbumin and theophylline. NS in male and female animals both groups.

H20:
Female Male
Treatment Mean SD Mean SD
Control 0.057 0.005 0.016 0.004
Ovalbumin 0.057 0.011 0.030 0.019
Theophylline oral 0.052 0.007 0.015 0.004
Ovalbumin + Theophylline oral 0.060 0.007 0.019 0.005
Ovalbumin + Theophylline Iv 0.061 0.005 0.017 0.004

Histological analysis

Histological examination of the tissue was conducted after immediately following brain
extraction. The tissues were gently rinsed with a physiological saline solution (0.9% NaCl) to remove
blood and adhering debris. Lungs were taken and fixed in a 10% neutral-buffered formalin solution
for 24 h. The fixed specimens were then trimmed, washed and dehydrated in ascending grades of
alcohol. These specimens were cleared in xylene, embedded in paraffin, sectioned at 4-6 mm
thickness and stained with Hematoxylin and Eosin (H&E) and then examined microscopically in
Microscope (Olympus BX-51, Shinjuku Tokyo, Japan) [21].

Histological changes observed in the lung of mouse sensitized with ovalbumin and treated with
theophylline in oral and intravenous solution.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Image 2. Lung of an animal sensitized with ovalbumin in which we can observe infiltrates of inflammatory cells

and erythrocytes in the alveolar spaces (Hematoxylin-eosin 20x).

Image 3. Lung of an animal sensitized with ovalbumin and treated with theophylline intraperitoneally. We can
observe infiltrates of inflammatory cells and erythrocytes, but to a lesser degree than in the untreated diseased

group (Hematoxylin-eosin 20x).
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Image 4. Lung of an animal sensitized with ovalbumin and treated with orally administered theophylline, in

which we can observe normal alveolar spaces (Hematoxylin-eosin 20x).

Image 5. Lung of a control animal treated with saline solution, in which we can observe normal alveolar spaces

(Hematoxylin-eosin 20x).

Discussion

The data suggested that the precision and accuracy of the method were sufficient for the
quantification of theophylline in plasma of animals with oral theophylline treatment and previously
sensitized with ovalbumin. Likewise, the specifications of the pharmacokinetic parameters validated
suggest that novel theophylline formulation can meets requirements for clinical patients.

On the other hand, in asthma, airway remodeling is affected when there is an imbalance between
oxidative stress and antioxidant defense system. Redox regulation is part of various cellular processes
and a good example of this is in the immune response [22]. In fact, protection against inflammatory
damage is provided by specific redox proteins and particular enzyme activities. Nevertheless, it is
reported that inflammation induced by asthma is not only restricted to the lung, but also may affect
many remote organs and cause damages in them [23]. This point is buttressed by the fact that in
asthma, leukocytes invade the CNS and together with CNS-resident cells, generate excessive reactive
oxygen species [24].

In the present study, the concentration of GSH in the brain showed a significant increase in all
the experimental groups with respect to the control group. In addition, an increase GSH
concentration was observed in the lung of the male animals treated with oral ovalbumin +
theophylline. These results coincide with the reports in the study of Wang et al [25]. These authors
found that oxidative stress plays an important role in the pathogenesis of asthma. Glutathione (GSH)
is considered to be one of the most important antioxidants for its protective effect against oxidation
of sulfhydryl groups. The administration of albumin + theophylline increased the concentration of
Hb in all the female animals in the groups. This suggests airway hyper-responsiveness [26].
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On the other hand, lipoperoxidation levels decreased in females that received ovalbumin alone
or in combination with theophylline. These results are contrary to what were reported by Liu et al
[27]. These authors reported an increase in malondialdehyde levels in asthmatic subjects with a high-
fat diet. Probably, this may be due to the fact that obesity generates an increase in free radicals.
Furthermore, the authors suggest that there was a positive correlation between MDA and NF-kB
activation in the lung tissues in the asthma groups.

Conclusion

Based on the results of the present study, novel theophylline formulation not only met the
parameters of exact dose, rheology, compatibility, viscosity, pH, taste and stability; but also fulfills
the specifications of the pharmacokinetic parameters. Histological changes revealed lesions of lung
cells in experimental animals treated with ovalbumin.

In fact, it is suggested that in OVA-induced allergic airway inflammation, theophylline novel
formulation alleviates airway asthma induced inflammation, which likely occurs via the oxidative
stress-responsive lipid peroxidation pathway; thus, highlighting its potential as a useful therapeutic
agent for asthma management in children.
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