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Abstract

Dexamethasone, which acts on nuclear receptors, is used together with P-gp and
Cyp3a4 substrates at different doses in the treatment of diverse diseases. The aim
of the study is to determine the effect of different doses of dexamethasone on the
expressions and functions of P-gp and Cyp3a4 (mouse homologues of Cyp3a4 are
Cyp3all and Cyp3al3). Animals (n=54) were divided into 9 equal groups. The
control group was given only water. (The second group received fexofenadine, the
third group received midazolam, the fourth group received low-dose dexamethasone,
and the fifth group received high-dose dexamethasone. Low dose dexamethasone
was administered to the sixth and seventh groups, and high dose dexamethasone
was administered to the eighth and ninth groups.) 24 hours after these applications,
fexofenadine was administered to the sixth and eighth groups, and midazolam was
administered to the seventh and ninth groups. Synthesis of mdrla, mdrlb, Cyp3all
and Cyp3al3 in the small intestine and liver were determined using RT-qPCR.
Plasma concentrations of fexofenadine and midazolam were determined using
HPLC-UV. The effect of dexamethasone on Cyp3all expression was determined to
be dose-related, while its effect on P-gp expression was not dose-related. Midazolam,
a CYP3A substrate, did not cause P-gp induction in the small intestine, but did
cause P-gp induction in the liver. Fexofenadine and midazolam reduced the effect
of dexamethasone on Cyp3all expression in the small intestine. Dexamethasone
dose-dependently decreased the plasma concentration of midazolam and increased
that of its metabolite. Dexamethasone caused a dose-independent decrease in
plasma concentrations of fexofenadine. The effect of dexamethasone on P-gp
expression is not dose-dependent, but its effect on Cyp3all ve Cyp3al3 expression
is dose-dependent. Fexofenadine and midazolam caused a reduction in the effect of
dexamethasone on Cyp3all expression in the small intestine.
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INTRODUCTION

Dexamethasone, which has a strong binding affinity
to corticosteroid receptors, is a glucocorticoid with
immunosuppressant and anti-inflammatory effects
(Ferguson and Hoenig 1995, Shimmer and Parker
1996). This drug, which is more widely preferred in
the clinic compared to other glucocorticoids, is used
in different doses for several indications (Riviere and
Papich 2017). Glucocorticoid receptors belong to the
class of nuclear receptors.

Nuclear receptors regulate the transcription of
genes that control different physiological events

such as homeostasis, metabolism, proliferation and
development (Chawla et al 2001). These receptors
also transmit the effects of various xenobiotics and
endogenous substances (Negishi et al 2020, Parlak et al
2024). Nuclear receptors on which glucocorticoids act
in eukaryotic organisms regulate various metabolic and
developmental events (Young 2008).

Permeability glycoprotein (P-gp) is encoded by the
Multidrug Resistance 1 (MDR1) gene, is expressed
in various tissues and organs, including the kidney,
intestine, liver, and brain capillary endothelium
(Gil et al 2016). It alters the pharmacokinetics and
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Table 1. Drugs applied to animal groups, their doses and routes of administrationa (n=6)
Group Dexamethasone (mg/kg) Fexofenadine (mg/kg) Midazolam (mg/kg)
(o - -
F - 40 =
- - 20
LD 5 - -
HD 50 -
LDF 5 40 =
LDM 5 20
HDF 50 40 =
HDM 50 - 20
C:Kontrol, F:Fexofenadine,M:Midazolam,LD:LowDose Dexamethasone, HD: High Dose Dexamethasone, LDF: Low Dose Dexamethasone+Fexofenadine,
LDM: Low Dose Dexamethasone+Midazolam, HDF: High Dose Dexamethasone+Fexofenadine, HDM: High Dose Dexamethasone+Midazolam.
*Midazolam and dexamethasone were administered intraperitoneally and fexofenadine was administered orally. Fexofenadine and midazolam were
administered 24 hours after dexamethasone administration. *Distilled water was administered orally to the control group.

pharmacodynamics of drugs by its effects on the
absorption, distribution and excretion of drugs (Faber
et al 2003, Ho and Kim 2005). Modifications of P-gp
function are used to protect tissues and modulate
the drug’s effect. Foods and some drugs can cause
drug-drug and drug-food interactions by inducing
or inhibiting transport proteins (Fromm et al 1999,
Dresser et al 2003, Tras et al 2017).

Cytochrome P450 3a4 (Cyp3a4), a sub-member of the
cytochrome P450 3A (CYP3A) enzyme, is expressed
mainly in the liver and small intestine and is responsible
for the metabolism of approximately 50% of drugs
(Wrighton et al 1996). Changes in the synthesis or
function of this enzyme affect the clinical response
of many drugs (Flockhart and Rae 2003). Cyp3a4
expression is regulated by nuclear receptors such as the
glucocorticoid receptor (GR) and farnesoid X receptor.
It is stated that the P-gp and Cyp3a4 substrates are
overlapped and nuclear receptor ligands such as
rifampicin increase CYP3A and P-gp expression (Tras
et al 2017). It is stated that nuclear receptor ligands
such as rifampicin increase CYP3A and P-gp expression
(Zong and Pollack 2003). Cytochrome P450 3all
(Cyp3all), the murine homolog of human Cyp3a4, is
synthesized in the liver of murine (Li et al 2009), while
Cytochrome P450 3al3 (Cyp3al3) is synthesized in 95
tissues, mainly in the liver and jejunum of murine.

Glucocorticoid receptors act on Cyp3a4 and P-gp
expression (Demeule et al 1999). Dexamethasone
induces Pregnane X Receptor (PXR), retinoid X
receptor (RXR) and constitutive androstane receptor
(CAR) expression by enhancing GR signaling at low
concentrations, while it directly activates PXR at high
concentrations (Pascussi et al 2001, Shi et al 2010).

Fexofenadine, an Hl-receptor antagonist and widely
used in therapy, is a substrate of P-gp and Cyp3a4. It is
largely excreted in feces (80%) and urine (12%) without
being metabolized. Modulation of CYP3A and P-gp
causes changes in the pharmacokinetics of fexofenadine
(Simons and Simons 1999, Simpson and Jarvis 2000).
Antihistamines such as fexofenadine are used together
with glucocorticoids in the treatment of allergic rhinitis
(Randall and Hawkins 2018).

Midazolam, a benzodiazepine derivative, is metabolized
by Cyp3a4 and Cytochrome P450 3a5 (Cyp3a5)
enzymes and converted to a pharmacologically active
I’-hydroxymidazolam metabolite (De Wildt et al 2002,
Pacifici 2014).

It has been hypothesized that nuclear receptor
agonists, such as dexamethasone, may alter plasma
concentrations of drugs by affecting the function of
enzymes and transporter proteins, which can alter the
pharmacokinetics of drugs. The aim of the study is to
determine whether the effect of dexamethasone on
the expression and function of the enzyme (Cyp3a4)
and transport proteins (P-gp) is dose-related. For this
purpose, fexofenadine, a substrate of P-gp and Cyp3a4,
and midazolam, which is metabolized by Cyp3a4
enzymes, were preferred. In addition, to determine
whether fexofenadine and midazolam altered the effect
of dexamethasone on Cyp3a4 and P-gp expression.

MATERIAL AND METHODS

Ethics committee approval for the use of mice was obtained
at the meeting held on 21.02.2018 by the Selcuk University
Experimental Medicine Application and Research Center
Ethics Committee (SUDAM, 2018-5).
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Chemicals and Solutions

Dexamethasone (Dekort, injectable solution, Deva
Holding Inc., Tiirkiye), Fexofenadine (Fexadyne, 180 mg
tablet, Ali Raif Pharmaceutical Industry Co., Turkey), and
Midazolam (Demizolam, injectable solution, Solupharm,
Germany). For animal applications, fexofenadine (1 mg/
ml) dissolved in distilled water.

Tri Reagent (Sigma-Aldrich, USA), iScript®™ cDNA
Synthesis Kit (Bio Rad, USA, Cat. No: 170-8891), and
SYBR Green Master Mix (SYBR Green Supermix Biorad,
USA).

Diethyl ether (Sigma-Aldrich, USA), sodium dihydrogen
phosphate (Sigma-Aldrich, USA), acetonitrile (Sigma-
Aldrich, USA), methanol (Sigma-Aldrich, USA), sodium
hydroxide (NaOH) (Sigma-Aldrich, USA), and sodium
acetate buffer (10 mmol, pH: 4.7) (Sigma-Aldrich, USA).

Animals and study design

In the study, 54 healthy male mice (Swiss albino, 8-10
weeks, 32 + 1.92 g) were used and divided into 9 equal
groups. The groups and the drugs administered to the
animals (dexamethasone, fexofenadine, midazolam) are
presented in Table 1. The groups were created as control
(C), Fexofenadine [(F), 40 mg/kg, PO], Midazolam [(M),
20 mg/kg, IP], low-dose dexamethasone [(LD), 5 mg/
kg, IP], high-dose dexamethasone [(HD), 50 mg/kg,
IP], low-dose dexamethasone + Fexofenadine [(LDF), 5
mg/kg, IP + 40 mg/kg, PO], low-dose dexamethasone +
Midazolam [(LDM), 5 mg/kg, IP + 20 mg/kg, IP], high-
dose dexamethasone + Fexofenadine [(HDF), 50 mg/
kg, IP + 40 mg/kg, PO] and high-dose dexamethasone
+ Midazolam [(HDM), 50 mg/kg, IP + 20 mg/kg, IP],
respectively.

During the experiment, animals were housed in
polysulfone cages in SUDAM under controlled conditions

(24+1°C room temperature, 12 h light/dark cycle and
60% atmospheric humidity) and were provided with
water and food ad libitum. In the study, fexofenadine
and midazolam, chosen as probe drugs of P-gp and
Cyp3a4, respectively, were administered 24 hours after
dexamethasone administration.

In the study, 25 hours after dexamethasone (first)
administration, blood was taken from the hearts of all
animals under anesthesia with ketamine at a dose of 90
mg/kg (IP) and xylazine at a dose of 10 mg/kg (IP) and
they were sacrificed by cervical dislocation. The time
of blood collection was determined taking into account
a previous study with midazolam in mice (Pieri 1983).
The blood taken into heparin tubes was centrifuged at
3000 g, 4°C for 10 minutes. The plasma samples, liver
and small intestine tissues obtained were stored at -80°C
until measurement. The tissues were first frozen in liquid
nitrogen.

Real-Time PCR (RT-qPCR)

Total RNAs were isolated from tissue samples according
to the Tri Reagent protocol. RNAs quality was checked
spectrophotometrically. The integrity of RNAs was
examined by agarose gel electrophoresis. iScript™ cDNA
Synthesis Kit was used for cDNA synthesis of all samples.
RT-qPCR was performed on a LightCycler’Nano platform
(Roche, Switzerland) using 4 pl of cDNA in a system
containing 0.1 pl of forward and reverse primers (100 uM)
and 10 ul of SYBR Green Master Mix (Bozkaya et al 2016).
Cycling conditions were as follows: preincubation at 98°C
for 3 min, followed by 40 cycles of 15 s at 95°C, 30 s at
the annealing temperature (Table 2), and finally 30 s at
72°C. The temperature was increased from 60°C to 95°C
to create the melting curve. A negative control was run
with every assay (Mutlu et al 2023).

Table 2. Sequence of primers, amplicon sizes and their annealing temperatures
Target Primers Annealing Lenght (bp)* Accession Number
Temperatures
CYP3AI11-F 5'ACAAACAAGCAGGGATGGACCTGG3'
59.7°C 269 NM_007818.3
CYP3AI11-R 5TGTGACAGCAAGGAGAGGCGTTT3'
CYP3A13-F 5'AGCAGTGCTCTTTCCTTTGC3'
57.2°C 243 NM_007819.4
CYP3A13-R 5'CCCTTTGGGAATGAATAGCC3'
MDRIA-F 5'GGATGAAATTGATAATTTAGACATGS'
543 °C 232 NM_011076.3
MDRIA-R 5 TCCATTTATTATGGCACAGAATATA3'
MDRI1B-F 5'AACACAGCCAACCTTGGAAC3'
549 °C 180 NM_008830.2
MDRI1B-R 5TGTTGCAATCTTTCCAGCAG3'
ACTB-F 5'GGCTGGCCGGGACCTGACAGACTACS'
57.8°C 150 NM_007393.5
ACTB-R 5'GCAGTGGCCATCTCCTGCTCGAAGTC3'
*PCR product size (base pair).
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Relative mRNA expression levels were calculated using
the 242 method (Livak and Schmittgen, 2001). ACTB
(beta-actin) was used as the housekeeping gene, and the
control group served as the calibrator. Each experimental
group consisted of six biological replicates (n=6), and all
RT-qPCRreactions were performed in technical triplicates.
Primer specificity and efficiency were validated prior to
analysis. Standard curves generated from serial dilutions of
pooled cDNA were used to assess amplification efficiency.
All primer sets had efficiency values ranging between 1.9
and 2.2. Melt curve analysis confirmed the specificity of
all reactions by showing single, sharp peaks.

Drugs Analysis

Plasma concentrations of fexofenadine, midazolam, and
its metabolite, 1’-hydroxymidazolam, were determined
using the HPLC system (Shimadzu, Tokyo, Japan).

Fexofenadine Analysis

The plasma fexofenadine level was determined according
to the method previously reported (Helmy and El Bedaiwy
2016). A total of 1.5 ml of diethyl ether was added to the
plasma sample (100 puL) and this mixture was vortexed
for 1 min and then centrifuged at 3000 g for 10 min.
The ether phase was transferred to tubes with 1.5 ml,
evaporated in a water bath at 60 °C and dissolved with 100
ul mobile phase. The solution obtained was transferred
to autosampler vials and 25 ul of its was injected into the
HPLC-UYV system. The mobile phase containing sodium
dihydrogen phosphate (pH: 3.0 adjusted with 20 mmol
orthophosphoric acid) and acetonitrile (70:30, v/v) was
sent to HPLC at a flow rate of 1.0 ml/min and detection
was performed with SPD-10A UV-VIS detector (225 nm).

The analytical standard of fexofenadine hydrochloride was
prepared in methanol (100 pug/ml). Calibration standards
(20-2000 ng/ml) and control samples at concentrations
of 40, 400 and 2000 ng/ml were prepared by diluting the
stock solution. Calibration standards of fexofenadine
prepared from fexofenadine-free mouse plasma were
linear (r2;> 0.9994) in 20-2000 ng/ml the concentration
range. The lower limit of quantification (LLOQ) of
fexofenadine was 20 ng/ml. The recovery of fexofenadine
from plasma samples was >91%. The variation coefficient

of the precision within the day and between days was <8%.
The intraday and inter-day bias of the accuracy were £7%.

Midazolam and I’-hydroxymidazolam Analysis

Plasma levels of midazolam and its metabolite
(I'-hydroxymidazolam) were analyzed using the method
previously reported (Jufica et al 2007). After 0.1 M sodium
hydroxide (NaOH) was added to 100 pL plasma sample, 1
ml of ether was added, mixed by vortexing at 2000 rpm
for 10 minutes, and centrifuged at 3,000 g for 5 minutes.
The samples were kept at -40 °C for 35 minutes and then
the ether phase was transferred to a 1.5 ml tube and
evaporated under nitrogen (40°C). The residue obtained
was dissolved with 100 pl mobile phase, transferred to
autosampler vials, and 30 pl of its was injected into the
HPLC-UV system. The sodium acetate buffer (10 mmol,
pH: 4.7) and acetonitrile (60:40, v/v) were used as mobile
phases. The detection was performed at 1.0 ml/min flow
rate of the mobile phase and using an SPD-10A UV-VIS
detector set at 220 nm.

Method validations of midazolam and its metabolite were
performed similarly to fexofenadine. Calibration standards
of midazolam and its metabolite (1'-hydroxymidazolam)
were linear (12;>0.9993). The LLOQ of midazolam and its
metabolite was 20 ng/ml. The recovery of midazolam and
its metabolite 1'-hydroxymidazolam from plasma samples
was over 93% and 89%, respectively. The variation
coefficient of the precision within a day and between days
for midazolam and 1’-hydroxymidazolam were <%5 and
<%8, respectively. The intraday and inter-day bias of the
accuracy for both the theme were +8 %.

Statistical analyses

Statistical analysis of gene expression was performed using
the ACt values. One-way ANOVA test was performed
with normalized values and then Duncan's multiple range
test was used to compare means between groups. Results
were considered statistically significant at P<0.05. Relative
gene expression levels were visualised using 2"*4< values.

The plasma concentration values of fexofenadine,
midazolam, and its metabolite (1'-hydroxymidazolam)

dexamethasone (n=6, mean+SD)

Table 3. Plasma concentrations of 1-hydroxyimidazolam (1-HMZM) and midazolam in mice treated with different doses of

Group 1-HMZM (ng/ml) Midazolam (ng/ml) 1-HMZM/Midazolam
M 1141.67+397.43¢ 371.17£80.33* 3.33+1.21¢

LDM 1960.17+277.63° 265.00+38.62° 7.33+1.03"

HDM 2701.67+302. 44* 180.33+31.66¢ 15.67+4.27*

**<Different letters in the same column are statistically significant (p<0.05). 1-HMZM; 1-hydroxyimidazolam, M: Midazolam, LDM; Low Dose
Dexamethasone+Midazolam, HDM; High Dose Dexamethasone+Midazolam
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Figure 1. mRNA levels of mdrla (a), CYP3A11 (b) and CYP3A13 (c) in small intestines of mice treated with different doses of dexamethasone (n=6,
mean+SEM). **< Different letters among groups are statistically significant (p <0.05). C: Control, F: Fexofenadine, M: Midazolam, LD: Low Dose
examethasone, HD: High Dose Dexamethasone, LDF: Low Dose Dexamethasone+Fexofenadine, LDM: Low Dose Dexamethasone+Midazolam,
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HDF: High Dose Dexamethasone+Fexofenadine, HDM: High Dose Dexamethasone+Midazolam

were normalized and presented as mean+SD, and
differences between groups were determined by the
Mann-Whitney U test; statistical significance was set at
P<0.05. All statistical analyses were performed using SPSS
v22.0 (IBM Corp.).

RESULTS

The mdrla expression level in the small intestine was
presented in Figure la. It was determined that mdrla
expression increased statistically in the small intestine in
the experimental groups (LDM and HDM) compared to
the control group (p<0.05). The Cyp3all expression was
statistically increased in the small intestine only in the HD
group, while it was decreased in the M group (compared
to the control group) (p<0.05). In addition, fexofenadine
and midazolam significantly decreased the Cyp3all
expression enhancing effect of HD in the intestine (Figure
1b) (p<0.05). No statistically significant difference was
found in the Cyp3al3 expression between groups in the
small intestine (Figure 1¢) (p<0.05).

In the liver, a statistically significant increase in mdrlb
expression was found in all experimental groups compared
to the control group (Figure 2a)(p<0.05). Compared to
the control group, in the LD, HD, LDF, LDM, HDF, and
HDM groups, a statistically significant increase in the

Cyp3all expression in the liver was detected (Figure 2b)
(p<0.05).In the liver, a statistically significant decrease in
the Cyp3al3 expression was observed in the groups of E,
LD, and HDF compared to the control group (Figure 2c)
(p<0.05).

Plasma concentrations of fexofenadine in mice treated
with low and high doses of dexamethasone are presented
in Figure 3. The combined administration of fexofenadine
with low and high doses of dexamethasone significantly
decreased the plasma concentration of fexofenadine
compared to alone administration of fexofenadine
(p<0.05). The plasma fexofenadine concentrations in
mice in the groups administered high and low doses of
dexamethasone were similar.

The plasma concentrations of midazolam and its
metabolite 1’-hydroxymidazolam in mice treated with
low and high doses of dexamethasone are presented
in Table 3. Depending on the dose, LDM and HDM
administration decreased the plasma concentration of
midazolam and increased the plasma concentration of
I’-hydroxymidazolam (p<0.05). Plasma 1- HMZM/
MZM ratio increased significantly depending on the
dexamethasone dose (p<0.05).
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Figure 2. mRNA levels of mdrlb (a), CYP3A11l (b) and CYP3A13 (c) in liver of mice treated with different doses of dexamethasone (n=6,
mean+SEM). **<Different letters among groups are statistically significant (p <0.05). C: Control, F: Fexofenadine, M: Midazolam, LD: Low Dose
Dexamethasone, HD: High Dose Dexamethasone, LDF: Low Dose Dexamethasone+Fexofenadine, LDM: Low Dose Dexamethasone+Midazolam,
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Figure 3. Plasma fexofenadine concentrations in mice treated with
different doses of dexamethasone (n=6, mean+SD). a,b: Different
letters are statistically significant (P <0.05). F: Fexofenadine,
LDF: Low Dose Dexamethasone+Fexofenadine, HDF: High Dose
Dexamethasone+Fexofenadine.

Di1SsCUSSION

The expressions of the Cyp3a4 enzyme and P-gp were
determined by the RT-PCR method, while their functions
were determined by HPLC measurement of plasma
concentrations of substrate and metabolite.

We found that both doses of dexamethasone did
not cause a statistically significant increase in P-gp
expression in the intestine compared to the control,
but in the liver. Midazolam also showed a similar effect
to dexamethasone on P-gp expression in tissues. In
addition, the co-administration of midazolam with both
doses of dexamethasone caused a significant increase
in the expression of P-gp in the intestines compared
to the control. This result suggests that the concurrent
use of dexamethasone with benzodiazepine drugs
such as midazolam may increase the importance of
pharmacokinetic-based drug interactions in multiple
drug use.

CYP3A and mdrla expressions were determined in liver
and intestinal (duodenum, jejunum, and ileum) tissues in
a study conducted on mice by administered cyclosporine
A and different doses (1-75 mg/kg) of dexamethasone.
In conclusion, similar to the results of our study, they
revealed that dexamethasone in the liver induced mdrla
in a dose-dependent manner, but contrary to our results,
it also induced in the small intestine. The intestines-
related difference may be related to our use of only the
duodenal part of the intestine. Because it is reported that
dexamethasone causes the highest induction in the ileum
and the least in the duodenum (Jin et al 2006).

Studies have been conducted on the effects of
dexamethasone on P-gp expression in different tissues
in other species besides mice. In the study conducted
with rats, similar results were found in P-gp synthesis

in the liver and intestine at different doses (1-73 mg/kg)
to ours (Wrighton et al 1996). However, no changes in
mdrla/b expression were detected in the liver at a dose
of 1-25 mg/kg. This difference may be due to the animal
species used (Micuda et al 2007). It is reported that
mdrla/b expression varies according to the species, tissue
difference and dosage regimen (Zong and Pollack 2003,
Tanaka et al 2005, Gonzalez-Lobato et al 2010, Tras et
al 2017).

We found that dexamethasone increased Cyp3all
expression in the small intestine only at high dose,
while it increased it in the liver at both low and high
doses. This suggests that the use of low and high doses
of dexamethasone may alter the plasma levels of other
concomitantly used drugs. Similar results were found
with our results regarding the effect of dexamethasone on
CYP3A expression in the liver and small intestine in mice
(Jin et al 2006). On the other hand, it is stated that 10 mg/
kg of dexamethasone does not cause any change in liver
CYP3A expression in mice (Rudek et al 2014). These
discrepancies (oppositeness) may be due to the dose
difference used. The inducer effect of dexamethasone
(50 mg/kg) on Cyp3all/13/25 expression in the liver in
mice of different ages was investigated and it was reported
that it caused different degrees of expression increase in
all three enzymes, regardless of age and gender (Down et
al 2007). The mentioned study findings are similar to the
results of our study for Cyp3all but differ for Cyp3al3.
The differences may be due to dexamethasone’s dosage
regimen.

The effect of dexamethasone on the CYP3A enzyme
has also been studied in other species besides mice. In
a study conducted, CYP3A expression was determined
in liver and intestinal tissue at different times (6, 12, 24,
36, and 48 hours) by giving dexamethasone at different
doses (5, 16.6, 50, and 150 mg) to mice (Iwanaga et al
2013). In conclusion, similar to the findings of our study,
the researchers reported that dexamethasone increased
CYP3A induction in the liver depending on the dose,
contrary to our findings, it did not increase CYP3A
induction in the intestine. The intestine-related difference
may arise from the difference in species and the section of
the intestine studied. We used the only duodenum, while
the entire intestinal tissue was used in the relevant study.
Enzyme activity differs in the sections of the intestine
(Li et al 2016). Additionally, no significant increase in
Cyp3al3 synthesis was detected.

When the results (plasma levels of MZM and 1-HMZM
in M, LDM, and HDM groups and 1-HMZM/MZM
ratio) of our study regarding the function of CYP3A are
evaluated, we determined that dexamethasone causes
dose-dependent expression in Cyp3all. It is reported that
the administration of 1.5 mg dexamethasone daily for 4

6
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days to humans does not alter the plasma concentration
of triazolam. It is stated that this situation is due to low
dose dexamethasone and may change when administered
at high doses or for a long time (Villikka et al 1998).

When the results (the plasma level of fexofenadine
in F LDE and HDF groups) of our study related-the
function of P-gp are evaluated, it confirms the effect of
dexamethasone on P-gp expression. The decrease in the
plasma level of fexofenadine may be caused by increased
P-gp expression in the liver and intestines because
fexofenadine is minimally metabolized. Although we do
not find an increase in the duodenum, it can be stated
that there is more increase in other parts of the intestine
than the duodenum. Besides, the effect of dexamethasone
on the Cyp3a4 enzyme may contribute to the decrease
in plasma fexofenadine level because fexofenadine is
minimally metabolized by the Cyp3a4 enzyme. Similar to
the results of our study, it has been stated that rifampicin,
a nuclear receptor agonist, causes induction in P-gp
and decreases the plasma concentration of fexofenadine
by increasing the excretion of its from the intestines
(Hamman et al 2001).

We determined that midazolam caused a statistically
significant increase in mdrlb expression in the liver but
not in the intestine. The absence of an increase in the
intestine may be related to our using only the duodenum
or to the concentration of the drug in the intestinal tissue
because the tissue concentrations of midazolam and its
metabolites can be different. In addition, benzodiazepines
such as bromazepam, diazepam, and chlordiazepoxide
were also reported to cause an increase in P-gp activity
(Lima et al 2008).

We found that the effect of dexamethasone on Cyp3all
expression in the intestines was reduced by fexofenadine
and midazolam. The stated effect may be related to the
fact that fexofenadine and midazolam reduce the entry of
dexamethasone into the cell or its binding to the target
point. Because there is a competitive type of relationship
between P-gp substrates (Wessler et al 2013). In addition,
our results revealed that fexofenadine and the combination
of the low dose of dexamethasone plus midazolam caused
a decrease in Cyp3al3 expression in the liver.

CONCLUSION

In conclusion, it can be indicated that i) the effect of
dexamethasone on Cyp3all expression is dose-dependent,
whereas its effect on P-gp is not dose-dependent, ii) The
effect of dexamethasone on CYP3A changes according
to its isoenzyme, iii) midazolam, a CYP3A substrate,
does not cause P-gp induction in the small intestine but
does cause P-gp induction in the liver, iv) fexofenadine
and midazolam significantly decreased the Cyp3all

expression enhancing effect of HD in the intestine.

DECLARATIONS

Competing Interests

The authors certify that there is no conflict of interest with any
financial organization regarding the material discussed in the
manuscript.

Funding
This study was supported by the Selcuk University Scientific
Research Projects Coordination Unit (Project Number: 18401108).

Availability of Data and Materials
The data that support the findings of this study are available on
request from the corresponding author.

Acknowledgements

The summary of the study was presented at the International
Eurasian Biotechnology and Biochemistry Congress, 16-18
December 2020, Ankara, Tiirkiye.

Ethical Statement

Selcuk University Experimental Medicine Application and Research
Center, Animal Experiments Ethics Committee 21.02.2018, 2018-5
Number Ethics Committee Decision.

Author Contributions

Motivation/Concept: HEF, BT; Design: HEF, BT; Control/
Supervision: KU, BT; Data Collection and Processing: HEF, GS,
TMP; Analysis and Interpretation: HEF, KU, BT; Literature Review:
TMP, ZOK, HA

ORCID

HEF: https://orcid.org/0000-0002-6124-7168
GS:  https://orcid.org/0000-0002-4946-3749
BT:  https://orcid.org/0000-0001-9122-8059
KU:  https://orcid.org/0000-0002-8674-4873
TMP: https://orcid.org/0000-0003-3277-0336
ZOK: https://orcid.org/0000-0002-3245-7975
HA: https://orcid.org/0000-0003-1637-6769

REFERENCES

Bozkaya F Atli MO, Guzeloglu A, Kayis SA, et al, 2016.
Effect of long term heat stress and dietary restriction on the
expression of small heat shock protein (sHSP) genes in rat liver
tissue. Eurasian ] Vet Sci, 32, 3, 161-6. https://d0i.10.15312/
Eurasian]VetSci.2016318394

Chawla A, Repa JJ, Evans RM, Mangelsdorf DJ, 2001. Nuclear
receptors and lipid physiology: opening the X-files. Science, 294,
1866-70. https:/ /doi.10.1126/science.294.5548.1866

De Wildt SN, Kearns GL, Hop WCJ, Murry D], et al., 2002.
Pharmacokinetics and metabolism of oral midazolam in preterm
infants. Br J Clin Pharmacol, 53, 390-92. https://doi.org/10.1046/
j.1365-2125.2002.01223.x

Demeule M, Jodoin J, Beaulieu E, 1999. Dexamethasone modulation
of multidrug transporters in normal tissues. FEBS letters, 442,
208-14. https: //doi. org/10.1016/5S0014-5793(98)01663-9

Down M, Arkle S, Mills J, 2007. Regulation and induction of
CYP3A11, CYP3A13 and CYP3A25 in C57BL/6] mouse liver.




Eser-Faki et al

Eurasian ] Vet Sci, 41, e0457

Arch Biochem Biophys, 457, 105-10. https://doi.org/10.1016/].
abb.2006.09.017

Dresser GK, Schwarz UI, Wilkinson GR, Kim RB, 2003. Coordinate
induction of both cytochrome P4503A and MDRI1 by St John's
wort in healthy subjects. Clin Pharmacol Ther, 73, 41-50. https://
doi.org/10.1067/mcp.2003.10

Faber KN, Miiller M, Jansen PL, 2003. Drug transport proteins in
the liver. Adv Drug Deliv Rev, 55, 107-24. https://doi.org/10.1016/
S0169-409X(02)00173-4

Ferguson D, Hoenig M, 1995. Glucocorticoids, mineralocorticoids,
and steroid synthesis inhibitors. Vet Pharmacol Ther, 7, 622-37.
https://doi/full /10.5555/20013013133

Flockhart D, Rae J, 2003. Cytochrome P450 3A pharmacogenetics:
the road that needs traveled, Nature Publishing Group.
Pharmacogenomics ], 3, 3-7.  https://doi.org/10.1038/
$).tpj.6500144

Fromm ME Kim RB, Stein CM, Wilkinson GR, et al., 1999.
Inhibition of P-glycoprotein-mediated drug transport: a unifying
mechanism to explain the interaction between digoxin and
quinidine. Circulation, 99, 552-57. https://doi.org/10.1161/01.
CIR.99.4.552

Gonzélez-Lobato L, Real R, Prieto JG, Alvarez Al et al., 2010.
Differential inhibition of murine Bcrp1/Abcg2 and human BCRP/
ABCG2 by the mycotoxin fumitremorgin C. Eur J Pharmacol,
644, 41-8. https://doi.org/10.1016/j.ejphar.2010.07.016

Gil IG, Eryllmaz G, Karamustafalioglu KO, 2016. P-glycoprotein
and its Role in Treatment Resistance. Curr App Psychiatry, 8, 19-
31. https://doi:10.5455/cap.20150610111721

Hamman MA, Bruce MA, Haehner-Daniels BD, 2001. The effect
of rifampin administration on the disposition of fexofenadine.
Clin Pharmacol Ther, 69, 114-21. https://doi.org/10.1067/
mcp.2001.113697

Helmy S, El Bedaiwy H, 2016. HPLC determination of fexofenadine
in human plasma for therapeutic drug monitoring and
pharmacokinetic studies. Biomed Chromatogr, 30, 1059-64.
https://doi.org/10.1002/bmc.3650

Ho RH, Kim RB, 2005. Transporters and drug therapy: implications
for drug disposition and disease. Clin Pharmacol Ther, 78, 260-
77. https://doi.org/10.1016/j.clpt.2005.05.011

Iwanaga K, Honjo T, Miyazaki M, Kakemi M, 2013. Time-dependent
changes in hepatic and intestinal induction of cytochrome P450
3A after administration of dexamethasone to rats. Xenobiotica,
43, 765-73. https://doi.org/10.3109/00498254.2012.761741

Jin M, Shimada T, Yokogawa K, Nomura M, et al, 2006.
Contributions of intestinal P-glycoprotein and CYP3A to oral
bioavailability of cyclosporin A in mice treated with or without
dexamethasone. Int J Pharm, 309, 81-6. https://doi.org/10.1016
/j.ijpharm.2005.11.015

Jufica ], Dostdlek M, Kone¢ny J, Glatz Z, et al., 2007. HPLC
determination of midazolam and its three hydroxy metabolites
in perfusion medium and plasma from rats. ] Chromatogr B, 852,
571-77. https://doi.org/10.1016/j.jchromb.2007.02.034

Li M, de Graaf IA, Siissalo S, de Jager MH, et al,2016. The
Consequence of Drug-Drug Interactions Influencing the
Interplay between P-gp and Cyp3a: An Ex Vivo Study with Rat
Precision-Cut Intestinal Slices. Drug Metab Dispos, 44, 683-91.
https://doi.org/10.1124/dmd.115.068684

Li Y, Ross-Viola JS, Shay NF, 2009. Human CYP3A4 and murine
Cyp3all are regulated by equol and genistein via the pregnane

X receptor in a species-specific manner. ] Nutr, 139, 898-904.
https://doi.org/10.3945/jn.108.103572

Lima SA, Tavares ], Gameiro P, de Castro B, et al., 2008. Flurazepam
inhibits the P-glycoprotein transport function: an insight to
revert multidrug-resistance phenotype. Eur ] Pharmacol, 581, 30-
6. https://doi.org /10.1016/j.ejphar.2007.11.045

Livak KJ, Schmittgen TD, 2001. Analysis of relative gene expression
data using real-time quantitative PCR and the 27 *2¢T method.
Methods, 25, 402-8. https://doi.org/10.1006/meth.2001.1262

Micuda S, Fuksa L, Mundlova L, Osterreicher J, et al., 2007.
Morphological and functional changes in P-glycoprotein
during dexamethasone-induced hepatomegaly. Clin Exp
Pharmacol Physiol, 34, 296-303. https://doi.org/10.1111/j.1440-
1681.2007.04558.x

Mutlu EG, Arslan E, Arikoglu H, 2023. Effect of grape seed extract
on (-catenin gene expression and hyperglycemia in rats induced
by streptozotocin. Eurasian J Vet Sci, 39, 68-76. https://doi.
org/10.15312/Eurasian] VetSci.2023.400

Negishi M, Kobayashi K, Sakuma T, Sueyoshi T, 2020. Nuclear
receptor phosphorylation in xenobiotic signal transduction.
J Biol Chem, 295, 45, 15210-25. https://doi.org/10.1074/jbc.
REV120.007933

Pacifici GM, 2014. Clinical pharmacology of midazolam in neonates
and children: effect of disease—a review. Int | Pediatr, 309-329.
https://doi.org/10.1155/2014/ 309342

Parlak TM, Tras B, Uney K, Suvarikli Alan B, 2024. Antidiabetic
Effect of Hydroalcoholic Extract of Myrtus communis L. Fruit in
a Type 2 Diabetes Mouse Model. Acta Vet Eurasia, 50, 3. https://
doi.org/10.5152/actavet.2024.24038

Pascussi JM, Drocourt L, Gerbal-Chaloin S, Fabre JM, et al., 2001.
Dual effect of dexamethasone on CYP3A4 gene expression in
human hepatocytes: sequential role of glucocorticoid receptor
and pregnane X receptor. Eur J Biochem, 268, 24, 6346-58.
https://doi.org/10.1046/j.0014-2956.2001.02540.x

Pieri L, 1983. Preclinical pharmacology of midazolam. Br J Clin
Pharmac, 16, 17-27. https://doi.org/10.1111/j.1365-2125.1983.
tb02267.x

Randall KL, Hawkins CA, 2018. Antihistamines and allergy. Aust
Prescr, 41, 42-5. https://doi: 10.18773/austprescr.2018.013

Riviere JE, Papich MG, 2017. Veterinary Pharmacology
Therapeutics. 9th edition, Wiley-Blackwell, Hoboken, USA, pp;
729-730

Rudek MA, Chang CY, Steadman K, Johnson MD, et al, 2014.
Combination antiretroviral therapy (cART) component ritonavir
significantly alters docetaxel exposure. Cancer Chemother
Pharmacol, 73, 729-36. https://d0i.10.1007/s00280-014-2399-7

Simons FER, Simons KJ, 1999. Clinical pharmacology of new
histamine H1 receptor antagonists. Clin Pharmacokinet, 36, 329-
52. https://doi.org/10.2165/00003088-199936050-00003

Simpson K, Jarvis B, 2000. Fexofenadine-A review of its use in the
management of seasonal allergic rhinitis and chronic idiopathic
urticaria. Drugs, 59, 301-21. https://doi.org/10.2165/00003495-
200059020-00020

Shi D, Yang D, Yan B, 2010. Dexamethasone transcriptionally
increases the expression of the pregnane X receptor and
synergistically enhances pyrethroid esfenvalerate in the induction
of cytochrome P450 3A23. Biochem Pharmacol, 80, 8, 1274-83.
https://doi.org/10.1016/j.bcp.2010.06.043




Eurasian ] Vet Sci, 41, e0457

Eser-Faki et al

Shimmer B, Parker K, 1996. Adrenocorticotrophic hormone;
adrenocortical steroids and their synthetic analogs; inhibitors
of the synthesis and actions of adrenocortical hormones.
In: Goodman and Gilmans The Pharmacological Basis of
Therapeutics. 13th ed, The McGraw-Hill Companies, New York,
pp; 1635-48

Tanaka Y, Slitt AL, Leazer TM, Maher JM, et al., 2005. Tissue
distribution and hormonal regulation of the breast cancer
resistance protein (Bcrp/Abcg2) in rats and mice. Biochem
Biophys Res Commun, 326, 181-7. https://doi.org/10.1016
/j.bbrc. 2004.11.012

Tras B, Cetin G, Uney K, Dik B, et al., 2017. Effects of BCRP and
P-gp Modulators on the Penetration of Aflatoxin Bl into the
Mouse Brain. ] Fac Vet Med Uni Kafkas, 23, 95-100. https://doi.
0rg/10.9775/kvfd.2016.15904

Villikka K, Kivisto KT, Neuvonen PJ, 1998. The effect of
dexamethasone on the pharmacokinetics of triazolam. Pharmacol
Toxicol, 83, 135-38. https://doi.org/10.1111/j.1600-0773.1998.
tb01457.x

Wessler JD, Grip LT, Mendell ], Giugliano RP, 2013. The
P-glycoprotein transport system and cardiovascular drugs.
J Am Coll Cardiol, 61, 2495-502. https://doi.org/10.1016/].
jacc.2013.02.058

Wrighton SA, VandenBranden M, Ring BJ, 1996. The human drug
metabolizing cytochromes P450. ] Pharmacokinet Biopharm, 24,
461-73. https://doi.org/10.1007/bf02353474

Young W, 2008. Endocrine Hypertension, In: Williams Textbook
of Endocrinology, Ed; Snyder A, 11th ed, Saunders, Elsevier,
Philadelphia, pp; 505-38.

Zong J, Pollack GM, 2003. Modulation of P-glycoprotein transport

activity in the mouse blood-brain barrier by rifampin. ] Pharmacol
Exp Ther, 306, 556-62. https://doi.org/10.1124/jpet.103.049452



e101426.https://doi.org/10.1016/j.smim.2020.101426
e101426.https://doi.org/10.1016/j.smim.2020.101426
e101426.https://doi.org/10.1016/j.smim.2020.101426
e101426.https://doi.org/10.1016/j.smim.2020.101426
https://doi.org/10.1111/j.1872-034X.2012.00996.x 



