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Abstract: Dexamethasone (DXM) and methylprednisolone (MEP) are potent glucocorticoids used
to control several inflammatory conditions. Evidence of delayed DXM reaching the central nervous
system (CNS) as well as tachyphylaxis and systemic, undesirable side effects are the main limitations
of peripheral delivery. Intranasal administration offers direct access to the brain as it bypasses the
blood-brain barrier. The Mucosal Atomization Device is an optimal tool that can achieve rapid
absorption into the CNS and the bloodstream across mucosal membranes. This study was designed
to evaluate and compare the bioavailability of DXM and MEP after intranasal versus intravenous
administration. Two open-label, balanced, randomized, two-treatment, two-period, two-sequence,
single-dose, crossover studies were conducted, which involved healthy male and female adult
volunteers. After intranasal administration, DXM and MEP were detected in plasma after the
first sampling time. Mean peak concentrations of DXM and MEP were 86.61 ng/mL at 60 min
and 843.2 ng/mL at 1.5 h post-administration, respectively. DXM and MEP showed high absolute
bioavailability, with values of 80% and 95%, respectively. No adverse effects were observed. DXM
and MEP systemic bioavailability by intranasal administration was comparable with the intravenous
one, suggesting that the intranasal route can be used as a non-invasive and appropriate alternative
for systemic drug delivery.

Keywords: dexamethasone; methylprednisolone; intranasal; neuroinflammation; pharmacokinetics

1. Introduction

Dexamethasone (DXM) and methylprednisolone (MEP) are synthetic glucocorticoids
that are widely used in clinical practice to modulate several inflammatory conditions [1-5].
They are usually administered through the intravenous (IV), intramuscular, and oral routes
as anti-inflammatories and immunosuppressants. DXM has also been administered in-
tranasally at low doses to treat allergic conditions, aiming to reach higher local levels and
minimize negative side effects [6]. MEP has been tested intranasally only in experimental
models of inflammation [7]. DXM and MEP have also been used to control neuroinflam-
mation in several neurological diseases such as multiple sclerosis, brain tumor-associated
edema, and neurocysticercosis, among others [8-12].
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Although both corticosteroids are liposoluble drugs that may passively diffuse through
the cell membrane [13], several intrinsic and extrinsic factors influence the CNS penetrance,
such as the molecular weight, the lipophilicity, the number of hydrogen bonds, and the
presence of drug transports (P-glycoprotein, P-gp). Among them, particular attention
has been paid to the multidrug resistance transporter P-gp due to its important role in
the CNS penetration of highly lipophilic molecules from the blood [14], and which conse-
quently regulates the intracellular levels of glucocorticoid hormones and the function of
the glucocorticoid receptor, especially in response to antidepressant drugs [15].

The P-gp is highly and constitutively expressed in the liver, intestine, kidney, pancreas,
adrenal, capillary endothelium (BBB), the blood—testis barrier, choroid plexus, placental
trophoblast, and others [16,17]. This transporter captures substrates from the inner leaflet of
the lipid bilayer of the cell membrane, entering by passive diffusion; they are later pumped
out, thus preventing them from being accumulated in the cells. In the case of CNS, P-gp
reduces brain penetration after the intranasal administration of glucocorticoids [18]; thus,
pharmacokinetic studies in systemic blood cannot directly extrapolate what occurs in the
CNS [19].

Until now, there is no study on nasal administration of DXM and MEP with CNS
penetration involving healthy volunteers. However, there are some reports on multiple
sclerosis and spinal cord injury that account the arrival of MEP in the CNS [20,21]. In
addition, in mice, higher levels of DXM have been observed in different regions of the brain
after intranasal versus intravenous administration soon after being administered [22].

To improve the efficacy and safety of corticosteroids, different strategies have been
proposed to prevent their rapid elimination and to provide targeted and controlled re-
lease [23,24]. Among them, GC conjugation with natural polymers, lipid particles, den-
drimers, micelles, liposomes, or implants, which has accounted for a better control of
their release, increases the permanence of the drug at the target site, thereby reducing the
frequency of the doses and the risk of side effects [23,24].

In the early 1990s, the efficacy of the intranasal (IN) route to directly deliver drugs to
the central nervous system for therapeutic purposes was clearly evidenced [25]. Since then,
numerous studies have demonstrated the extensive therapeutic options offered by this
administration route. Recently, we demonstrated that IN drug administration allows for
the CNS to be reached in minutes, even after low-dose administration [22], as well as its effi-
ciency in controlling the neuroinflammatory response accompanying different experimental
neuropathologies in murine models. In this context, the IN delivery of glucocorticoids was
more efficient than the IV route in controlling neuroinflammation in lipopolysaccharide-
induced sepsis [26], autoimmune experimental encephalitis [27], ischemic stroke [28], and
chronic toluene exposure [29]. Likewise, the olfactory and trigeminal nerves that innervate
the nasal cavity provide a direct connection of the nasal epithelium with the CNS; this,
coupled with the extensive vascularization of the mucosa and the lamina propia as well as
the permeable nature of this epithelium, yields an optimal absorption surface for IN drug
delivery, for central as well as for systemic effects. On top of that, nasal drug administration
offers the possibility of reaching active levels in the respiratory system in about one minute
after administration [30]. In this context, the IN route has been successfully employed to
control systemic inflammation in a mouse model for pulmonary tuberculosis [31].

Since the onset of the COVID-19 pandemic, the need for a drug treatment to control
systemic inflammation [32,33] was promptly identified. Only several months after the
beginning of the pandemic, a study carried out on thousands of patients showed that low
doses of DXM in hospitalized patients requiring respiratory support (from supplemental
oxygen to mechanical respiration) significantly reduced mortality [34]. In the same line, it
was demonstrated that MEP was useful for preventing mechanical ventilation in COVID-19
pneumonia [35], decreasing mortality even more than DXM [36-38]. Despite the low doses
of corticosteroid used, further studies have shown some unwanted side effects. In fact,
a growing number of reports on emerging systemic fungal infections concomitant with
COVID-19 has been published [39-43], raising concerns about the risk of immunosuppres-
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sion due to both corticosteroids, particularly among the high-risk populations (diabetes,
obesity, and aging).

As the pandemic evolved, it has been extensively documented that the SARS-CoV-2
virus gains access to multiple CNS cell types expressing the ACE2 receptor, triggering
neuroinflammatory reactions [44,45]. However, an exacerbated peripheral inflammation
can disrupt the BBB through several pathways, increasing the neuroinflammation originally
triggered by the viral infection on CNS cells [46].

In this context, considering the scarce pharmacokinetic data on IN DMX and MEP, we
aimed to evaluate the pharmacokinetics and comparative bioavailability of these drugs IN
(using the MAD nasal device) versus IV in healthy volunteers.

2. Materials and Methods
2.1. Study Design

Two open-label, balanced, randomized, two-treatment, two-period, two-sequence,
single-dose, crossover studies were conducted involving healthy male and female adult
volunteers. Each volunteer received one dose of either DXM or MEP, followed by a one-
week elimination (wash-out) period before a new administration of the same medication.
Volunteers were randomly assigned to a protocol-specific sequence. The randomization
included two treatment sequences. Therefore, each volunteer received DXM or MEP by
both routes of administration.

2.2. Volunteers

A total of 16 healthy subjects were included (8 women and 8 men), half for the DXM
and the others for the MEP study; in each period, the drug was administered intravenously
to 4 subjects (treatment A) and intranasally to the other 4 (treatment B), according to a
randomization list generated prior to the start of the clinical phase.

Participants eligible for the study were healthy adults aged 2342 years who demon-
strated proper nasal inhalation ability during a screening visit. The clinical screening
examination included the individuals’ medical history, physical examination, vital signs,
body mass index (>18 and <27 kg/m?), weight (>50 kg), and ancillary laboratory tests
(blood chemistry, hematology, blood coagulation, and serology). Candidates were ex-
cluded when a history of any condition or alteration of the nose or nasal mucosa, including
irritation, inflammation, bleeding, excoriation, or ulceration, was detected; individuals
with a history of hypersensitivity to the study drug or a history of cardiovascular, renal,
hepatic, metabolic, gastrointestinal, neurological, endocrine, hematopoietic conditions
(any type of anemia), mental illness, or other organic abnormalities were also excluded.
Once enrolled, the volunteers were asked to avoid drinking or using any medication or
herbal medicine for at least 14 days; alcohol- and caffeine-containing products were also
eliminated for at least 24 h prior to drug administration. The demographic data of the DXM
and MEP-administered patients are summarized in Tables 1 and 2, respectively.

2.3. DXM and MEP Dosing

Drug formulations employed were a DXM phosphate injectable solution of 8§ mg/2 mL
(Alin®, Productos Farmacéuticos, Mexico City, Mexico), and an MEP sodium succinate (SOLU-
MEDROL® Pfizer, A. de C.V. Aguascalientes, México) injectable solution of 500 mg/8 mL).

Volunteers were randomly assigned to receive a single dose of 1.5 mL DXM (equivalent
to 6 mg of dexamethasone) by IV bolus or MEP (an intravenous treatment bolus of 1 mL,
equivalent to 62.5 mg of Methylprednisolone), or the same dose intranasally by using a
Mucosal Atomization Device (MAD Nasal).

Atomization was performed, with each participant sitting up and with a slight back-
ward head tilt to allow for the optimal spread and absorption of the atomized solutions. No
food intake was permitted 10 h before and 4 h after dosing. The nominal doses were similar,
allowing for direct pharmacokinetic comparison without dose normalization. Venous blood
samples were obtained via an indwelling catheter before administration and at 0.25, 0.5,
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0.75,1,1.5,2,3,4,8,12, and 24 h for DXM and at 0.333, 0.50, 0.667, 0.833,1,1.0,2,3,4,6, 8,
10, 12, and 24 h for MEP after administration. Plasma was separated and frozen at —70 °C
for further analysis.

Table 1. Demographic data for DXM-administered patients.

Subject Gender é{i‘:\rs) (S;eha(;grshlp Weight (kg) Height (cm)  BMI (kg/m?)  Sequence
1 Female 25 9 52 162 19.8 B-A
2 Male 30 17 69 170 239 A-B
3 Female 42 12 58 158 232 B-A
4 Female 28 17 67 172 22.6 A-B
5 Male 39 17 64 175 20.9 A-B
6 Male 23 16 72 172 243 B-A
7 Female 31 9 60 156 247 A-B
8 Male 25 14 71 172 24.0 B-A
Average 30.38 13.88 64.13 167 2293

Standard Deviation 6.84 3.48 7.0 7.00 1.73

% CV 22.53 25.10 10.91 4.38 7.55

Percentage of coefficient of variation (% CV).

Table 2. Demographic data for MEP-administered patients.

Subject Gender g%zrs) (S;;(;l;;mhlp Weight (kg) g;;l)g ht BMI (kg/m?)  Sequence
1 Female 33 12 67.70 161 26.1 B-A
2 Male 22 6 72.85 175 23.8 A-B
3 Male 35 9 64.50 162 24.6 A-B
4 Male 34 13 62.45 176 20.2 B-A
5 Female 35 14 53.80 152 233 A-B
6 Female 32 12 69.80 166 25.3 A-B
7 Female 20 12 44.65 150 19.8 B-A
8 Male 35 12 72.25 164 26.9 B-A
Average 30.75 11.25 63.50 164 23.75

Standard Deviation 6.14 2.55 9.80 0.09 2.59

%CV 19.95 22.66 15.44 5.78 10.91

Percentage of coefficient of variation (% CV).

2.4. Bioanalytic Method: DXM

DXM concentrations in plasma were determined by reverse liquid chromatogra-
phy and detected by tandem mass spectrometry (LC-MS/MS). Analysis of samples was
performed using an HPLC system Shimadzu SIL-HTA coupled with a turbo ion spray
ionization-triple quadrupole mass spectrometer API 4000 (AB MDS Sciex, Toronto, ON,
Canada), with positive ion electrospray ionization using the multiple reaction monitoring
(MRM) mode. Briefly, 100 uL of internal standard (itopride) and 200 pL of 30% ammonium
hydroxide were added to 200 uL of the plasma sample. After vortex mixing for 1 min, a
mixture of 3 mL of ether:dichloromethane (70:30) was added. The mixture was vortexed
and centrifuged. The organic layer was evaporated to dryness under a stream of nitrogen
gas at 40 °C. The residue was reconstituted with 200 uL of the mobile phase, and 10 pL was
injected into the system. Separation was achieved using a Zorbax Eclipse Plus® (Agilent
Technologies, Mexico City) Cig column (3.5 pm, 75 mm X 4.6 i.d.). The mobile phase was
composed of 5 mM methanol HPLC ammonium formate in water (95:5 v/v) at a flow rate
of 0.9 mL/min. This method was fully validated previous to the beginning of the study
and was found linear in the range of 5-300 ng/mL. Intra-day and inter-day coefficients of
variation were less than 15%. Samples were stable in the autosampler for 24 h. Long-term
stability showed that samples were stable for at least 2 months at —50 °C. No matrix effect
was observed under the studied conditions.
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2.5. Bioanalytic Method: MEP

MEP concentrations in plasma were determined by reverse liquid chromatography
and detected by tandem mass spectrometry (LC-MS/MS). Analysis of the samples was per-
formed using an HPLC system Agilent G1312C coupled with a turbo ion spray ionization-
triple quadrupole mass spectrometer Agilent G6410B, with negative ion electrospray ion-
ization and using the MRM mode. Briefly, 400 pL of acetonitrile was added to 100 pL of
the plasma sample. After vortex mixing for 4 min, the samples were centrifuged. The
supernatant was separated, and 10 puL was injected into the chromatographic system.
Separation was achieved using a Zorbax Eclipse Plus ® (Agilent) Cyg column (3.5 um,
100 mm X 4.6 i.d.). The mobile phase was composed of methanol HPLC ammonium for-
mate, 2.5 mM in water (90:10 v/v), at a flow rate of 0.8 mL/min.

The method was linear and in the range of 5-1000 ng/mL. Intra-day and inter-day
coefficients of variation were less than 15%. Long-term stability showed that the samples
were stable for at least 5 months at —60 °C. No matrix effect was observed under the
studied conditions.

2.6. Pharmacokinetic and Statistical Analysis

The pharmacokinetics of both products was determined by non-compartmental anal-
ysis using the Phoenix® WinNonlin® 8.3 Centara L.P. software, Princeton, NJ, USA. The
Crnax and tmax were determined by analyzing the concentration profiles vs. time. The deter-
mination of the area under the curve, from time zero to the last sampling time (AUCq.y),
was performed via the trapezoidal rule. The constant of elimination (K) was determined
from the linear terminal part of the data that had been logarithmically transformed and was
finally estimated through a simple linear regression analysis that considered three different
concentrations from the tax value. It was used to determine the area under the curve, from
time zero to infinity (AUCy_«), according to the equation: AUC(_, = AUCq + C¢/Kg,
where C; is the concentration at the last sampling time used. The elimination half-life was
determined by the ratio of In (2) /K.

Absolute bioavailability was calculated according to the following equation:

AUC_jy intranasal
AUCy_ intravenous

F abs = AUC_;¢ intranasal / AUC_ intravenous x 100 x 100

2.7. Tolerability Assessment of IN Drug Administration

DXM and MEP were easily administered nasally; after administration, the subjects
were periodically questioned and monitored for any unusual symptoms. Volunteers were
instructed at the beginning of the study to inform the study investigator of any untoward
effects (bitter taste, burning sensation, pain) experienced after IN administration. No
complications were reported for either the IV or the IN routes of administration. The
investigator was responsible for reporting and documenting all adverse events during
the study.

3. Results
3.1. Demographic Data of Volunteers

Volunteers receiving DXM or MEP were divided according to gender: half male
and half female. MEP-administered volunteers were 30.75 years old on average and had
received 11.25 years of scholarship (Table 1), while the average of DXM administered ones
were 30.38 ages old and 13.88 years of scholarship (Table 2). As shown in Tables 1 and 2,
the weight and body mass index (BMI) of both groups were quite similar; in the MEP-
administered group, the average values for each parameter were 63.50 kg and 23.75 kg/m?,
respectively, and for the DXM-administered group, the average values were 64.13 kg and
22.93 kg/m?.
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3.2. Pharmacokinetics Assessment

Figures 1 and 2 show the mean plasma concentration vs. time of the arithmetic data
and the semi-logarithmic concentration of DXM and MEP, respectively. Both routes showed
the same mean plasma concentrations for DXM at 1.5 h after administration. In the case of
MEP, the same mean plasma concentrations were observed after only 1 h of administration.
Results of the pharmacokinetic analysis after the IV and IN administration of 6 mg DXM
and 62.5 mg MEP to healthy subjects are summarized in Tables 3 and 4. In both cases, the
IV and IN routes resulted in very similar outcomes.

Metilprednisolone
2500+

2000+

-~ [ntravenous

-
(3,
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10004
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5004
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Figure 1. Mean + SD of the plasma concentration of MEP along time following intravenous or
intranasal administration in healthy volunteers.

Dexamethasone
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Figure 2. Mean £ SD of plasma concentration of DXM along time following intravenous or in-
tranasal administration.
3.3. Tolerability Assessment

DXM and MEP were shown to be well-tolerated by both nasal and intravenous routes
of administration. In this study, no adverse events were reported.
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Table 3. Mean pharmacokinetic parameters (sd) for DXM after intravenous and intranasal administration.

Parameter Intravenous Intranasal
Cmax (ng/mL) 136.15 (24.77) 86.44 (18.5)
keh! 0.187 (0.02) 0.183 (0.03)
ti2h 3.75(0.5) 3.88 (0.6)
AUC 0-t (ng h/mL) 490.8 (83.6) 376.2 (97.0)
AUC 0-c0 (ng h/mL) 548.2 (92) 430.0 (106.2)
Tmax (h)

Median 1.0
Minimum 0.75
Maximum 2.0

MRT (h) 4.98 (0.64) 5.8 (0.81)
Cl(L/h/) 10.79 (1.91)

Vd (L/) 58.37 (11.9)

Table 4. Mean pharmacokinetic parameters (sd) of MEP after intravenous and intranasal administration.

Parameter Intravenous Intranasal
Cmax (ng/mL) 1982 (1125.7) 873.55 (105.3)
keh! 0.33 (0.11) 0.30 (0.03)
ti/2h 2.2 (0.6) 2.3 (0.25)
AUC 0-t (ng h/mL) 4289.1 (778.1) 4105.0 (1258.7)
AUC 0-c0 (ng h/mL) 4435.1 (883.7) 4232.0 (1242.29)
Tmax (h)

Median 15
Minimum 1.0
Maximum 3.0

MRT (h) 3.34 (0.73) 4.5 (0.76)

Cl(L/h) 14.52 (3.15)

Vd (L) 44.6 (7.28)

4. Discussion

This study was designed to compare the pharmacokinetics of the intranasal versus
the intravenous administration of two of the most widely employed GCs for controlling
inflammation: DXM and MEP. Nasal drug administration has been proposed as the most
viable alternative to parenteral injections, considering the high permeability of the nasal
epithelium, with plasma drug concentration profiles sometimes being equivalent to those
obtained via intravenous injection. Our results showed that after intravenous administra-
tion, DXM half-life values corresponded with those previously reported [47,48]. In addition,
Vd and Cl values were within the ranges reported by Song et al. [49]. To our knowledge,
this is the first study to evaluate the pharmacokinetic parameters of nasal administration;
the results on IN administration were compared with those reported after extravascular
administration. In our study, the between-subject variability was at 18-20%, a value lower
than those reported by Queckenberg et al. [50], who found a value of 30% after the adminis-
tration of DXM in liquid oral solution and through DXM tablets. Toledo et al. [51] evaluated
the relative bioavailability and pharmacokinetics of DXM sodium phosphate for injection,
which was administered orally. They found that after a dose of 8 mg, a mean Cmax of
79.09 ng/mL was obtained. The Cmax values obtained in the present study were higher
than those reported, suggesting that DXM had efficiently been absorbed after nasal admin-
istration. In the case of oral bioavailability, the values reported were at 70-78% [52,53]. The
bioavailability value of 80% obtained in the present study makes IN DXM an appropriate
alternative to IV administration.

The results of MEP showed that after IV administration, the pharmacokinetic param-
eters obtained agreed with those found in the literature. Cl and Vss values previously
reported were at 12-33 L/h and 40-60 L, respectively [54,55]. Recent studies on the pharma-
cokinetics of MEP after extravascular administration are scarce. Geister et al. [56] evaluated
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the bioavailability of 8 mg tablets of MEP. They found that the mean tmax value was
2.2 h. Antal et al. [52] evaluated the bioavailability of MEP sodium succinate ester after
the intravenous, intramuscular, oral (tablet), or oral solution treatments. They found that
the time to reach peak concentration was different for the three extravascular treatments,
having absolute bioavailability values of 104, 82, and 75%, respectively. Another study
showed that the bioavailability of MEP from a 20 mg tablet was 82% [57]. In the present
study, the mean systemic bioavailability of the intranasal MEP administration was 95%,
which indicates that the extent of MEP delivered into the general circulation was equal
between treatments.

For both GCs, higher levels were detected within the first 2 h after their IV or IN
administration. Interestingly, despite individual variability, it was clearly observed that
there are no significant differences in the plasma concentration of both drugs two hours
after their IN or IV administration. These results agree with data previously reported in
experimental mouse studies [22], in which both administration routes were also explored.
In the study performed on mice, the concentrations of DXM in brain extracts were also
evaluated, demonstrating that in the early stages, the concentration was higher in those
who received the steroid intranasally than intravenously. The concentration of both drugs
equalized 3 h post-administration. This result disagrees with previous imaging studies
carried out on mice, in which a much higher concentration of GCs in the CNS was observed
in the animals that received intranasal administration and followed by an analysis 24 h. It
is possible that these differences are due to the methods employed to extract and detect
the GC in the brains, which did not allow for the recovery and detection of the steroid
internalized in the cells [58,59]. On the other hand, the higher intracellular availability of
steroid in the CNS when IN-administered may explain its higher efficiency in controlling the
neuroinflammation in the different neuropathologies previously reported in experimental
models of sepsis, multiple sclerosis, and stroke [26-29].

It is important to remark that in this study, only the concentrations of both GCs in the
blood were evaluated. Thus, this design cannot permit a direct extrapolation to deduce the
central nervous system bioavailability. It must consider that although steroid drugs such as
DXM and MEP can freely enter into the brain, thus overcoming the BBB [13], other factors
may also influence their penetrance into the CNS. In this respect, it has been reported
that both drugs are a substrate of the drug efflux transporter P-gp at BBB [19,60], which
may limit the steroid levels in the CNS. However, the higher levels of DXM in the CNS in
mice that were intranasally versus intravenously administered treatment during the first
three hours, along with the higher intracellular level of the steroids in the CNS that remain
24 h after their administration [22], are in accordance with the potential of the IN versus
IV /intraperitoneal administration to control neuroinflammation in different experimental
models of neuropathologies [26-28]. However, to extend the use of this pathway for the
control of systemic and central inflammation that accompanies different pathologies in
patients, the results of CNS bioavailability studies supporting its use are required. In this
context, future studies of pharmacokinetics in the CNS of GC in healthy brains may be
performed by positron emission tomography while employing the adequate radiolabeled
tracers [61].

Regarding the extent of the GCs that can be reached by the respiratory tract using
the IN route, this route can be of particular interest to control inflammatory diseases that
affect the respiratory tract [62]. In this respect, an ongoing clinical study on COVID-19
comparing the efficiency of both pathways for dexamethasone administration is showing
very promising results [63].

In summary, the results shown in this study allow us to propose the use of IN admin-
istration as a route that is as efficient as IV for steroid administration, for the control of
systemic inflammation.



Pharmaceutics 2023, 15, 105

90f13

5. Conclusions

The current study demonstrated that the blood bioavailability of DXM and MEP
administered by IN atomization is comparable with that via intravenous administration.
The information reported in this study allows us to propose the use of IN atomization
as a non-invasive route for the control of systemic inflammation. Further studies are
required to confirm the determinant role of different neuropathologies in the control of
neuroinflammation.
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