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The effect of low- and high-dose levothyroxine on the expression, protein level,
and function of P-glycoprotein in mice

B. Tras'®, K. Uney'®, H. Eser Faki'®, T. Melike Parlak'®, Z. Ozdemir Kutahya?'®
'Department of Pharmacology and Toxicology, Faculty of Veterinary Medicine, University of Selcuk, Konya, Turkiye
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ABSTRACT: The study was investigated the effect of different doses of levothyroxine on the mRNA expression,
protein level and function of P-glycoprotein. Mice were divided into 6 groups as control, low dose levothyroxine,
high dose levothyroxine, fexofenadine, low dose levothyroxine+fexofenadine and high dose levothyroxine+fexofen-
adine. Mice received levothyroxine at doses of 8 and 80 pg/kg daily for 21 days. Fexofenadine was administered at
dose of 40 mg/kg at the 24 h following the last administration of levothyroxine. The mRNA levels and protein level
of P-glycoprotein in liver and small intestine were determined by RT-PCR and western blot analysis, respectively.
Plasma concentrations of fexofenadine were determined using HPLC. Levothyroxine at low and high doses caused
an insignificant increase intestinal mRNA expression of mdrla, while high dose levothyroxine+fexofenadine caused
a significant increase. Levothyroxine caused a dose-dependent decrease in intestinal mRNA expression of mdrlb. In
liver, levothyroxine caused a dose-dependent increase in the mRNA expression of mdrla. Fexofenadine significantly
reduced the effect of levothyroxine on mRNA expression of mdrla in liver. Levothyroxine increased the protein level
of P-glycoprotein in liver and decrease in intestines. Low dose levothyroxine significantly increased the plasma con-
centration of fexofenadine. The effects of levothyroxine on the mRNA expression of mdrla and b in small intestine and
liver and protein level of P-glycoprotein varied depending on the dose, tissue type, and fexofenadine administration.
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INTRODUCTION

hyroid hormones regulate the functions of all or-

gans such as the brain and heart, as well as me-
tabolism, and growth and differentiation in all cells.
Thyroid hormones act on thyroid receptors, which
are found in the cell nucleus and mitochondria and
are a member of the nuclear receptors. Thyroid hor-
mones modulate metabolism with its direct actions on
gene expression and by interacting with other nuclear
receptors such as peroxisome proliferator-activated
receptor and liver X receptor (Mullur et al., 2014).
Levothyroxine known as L-thyroxine is used in the
treatment of hypothyroidism and is a synthetic form
of thyroxine. Levothyroxine, which acts on the thy-
roid receptors like thyroid hormones, is used in a wide
dose range (12.5-300 pg) depending on the degree of
hypothyroidism. The thyroid diseases (hypothyroid-
ism and hyperthyroidism) cause changes in the phar-
macokinetics and pharmacodynamics of drugs (Burk
et al., 2010; O’Connor and Feely, 1987).

Nuclear receptors, also defined as transcription
factors regulate the transcription of genes that control
a wide variety of physiological events including pro-
liferation, development, metabolism, and homeosta-
sis (Chawla et al., 2001). These receptors also mediate
the effects of endogenous substances (steroid and thy-
roid hormones, vitamins A and D) and various xeno-
biotics (Markov and Laudet, 2011). In addition, it is
stated that nuclear receptors may be effective in the
regulation of expression and function of permeability
glycoprotein (P-gp) (Fernandez et al., 2004).

P-gp also known as multidrug resistance protein
1 (MDR1) or ATP-binding cassette sub-family B
member 1 is an important protein of the cell mem-
brane that acts efflux pump (Ambudkar et al., 1999).
While P-gp is encoded by a single gene (MDR1) in
humans, it is encoded by two genes, mdrla and mdrlb
in rodents (Hsu et al., 1989). The aminoacid sequenc-
es of mdrla and mdrlb are highly similar, but their
distribution in tissues is different (Brady et al., 2002).

P-gp, which is synthesized in various organs and
tissues including liver, intestine, kidney, brain capil-
lary endothelium, is encoded by the MDR1 gene and
has a broad substrate specificity (Giil et al., 2016;
Thiebaut et al., 1987). These proteins alter the phar-
macokinetics and hence the pharmacodynamics of
drugs through their effect on the absorption, distribu-
tion, and excretion of drugs (Faber et al., 2003; Ho and
Kim, 2005). The function of P-gp can be modulated to
protect tissues and to alter the effect of drugs. Various

drugs and foods lead to drug-drug and drug-food in-
teractions by causing induction and inhibition of these
carrier proteins (Dresser et al., 2003; Greiner et al.,
1999; Hebert et al., 1999; Kirn et al., 1999; Matheny
et al., 2001; Tras et al., 2017; Westphal et al., 2000).

Fexofenadine, a H,-receptor antagonist and widely
used in treatment, is a substrate of P-gp and CYP3A4.
It is largely excreted via feces (80%) and urine (12%)
as an unchanged drug (American Society of Hospital
Pharmacists, 2010). The modulations of CYP3A and
P-gp cause changes in the pharmacokinetics of fex-
ofenadine (Simons and Simons, 1999; Simpson and
Jarvis, 2000). The biological half-life and the time to
reach peak concentration (T _ ) of fexofenadine for
oral administration were 1.7 and 0.25 hours in mice,
respectively, while it was 6.1 and 0.5 hours in rats (Jin
and Han, 2010; Medwid et al., 2019).

In the planning of the project, it has been taken
into consideration that thyroid hormones have a bi-
phasic effect on proteins and that they increase pro-
tein synthesis at low doses and degrade them at high
doses (Cicatiello et al., 2018). In addition, the effect
of levothyroxine on P-gp mRNA expression in vitro
was founded to be concentration-related (Mitin et al.,
2004), but there is no in vivo study about different
doses of levothyroxine on the expression and function
of P-gp. Levothyroxine may have a significant impact
on the occurrence of drug interactions and drug effi-
cacy because the enzymes, receptors, and transporters
(e.g., P-gp), which mediate the regulation of the phar-
macokinetics and pharmacodynamics of drugs, are
composed of proteins. This study aimed to determine
the effect of levothyroxine on the expression, protein
level and function of P-gp and whether its these ef-
fects are dose-related.

MATERIALS AND METHODS

Animals and Study Design

Swiss Albino healthy male mice (total 48, 8-12
weeks, 30 £ 1.92 g) were used in the study. The study
was performed in agreement with ethical guidelines
and policies approved by the Selcuk University Ex-
perimental Medicine Application and Research Cen-
ter Ethics Committee (SUDAM, 2018-23), which is
in harmony with Guide for the Care and Use of Lab-
oratory Animals (8th edition, National Academies
Press). During the experimental period, animals were
housed in polysulfone cages in a central facility un-
der controlled conditions (12 h light/dark cycle, room
temperature of 24 £ 1 °C, and 60% atmospheric hu-
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midity) at SUDAM and allowed water and food ad
libitum. In the study, the mice were divided into 6
groups consisting of 8 mice. Commercial formula-
tions of levothyroxine (Levotiron, 25 pg tablet, Abdi
Ibrahim Pharmaceuticals, Turkiye) and fexofenadine
(Fexadyne, 180 mg tablet, Ali Raif Pharmaceutical
Industry Co., Turkiye) were used for animal adminis-
trations. The doses of levothyroxine and fexofenadine
were determined by considering their the LD, values
(Fexofenadine, 2010; Drugbank, 2022) and the pre-
vious studies (Cvetkovic et al., 1999; Engels et al.,
2016; Kim and Lee, 2019; Cetin et al., 2021). Fex-
ofenadine (1 mg/mL) was dissolved in the distilled
water before administration. A 0.5 mL this solution
was administered to mice twice with 10 minutes inter-
val. Levothyroxine (2.5 and 5 pg/mL) was dissolved
in the distilled water before administration. Mice
were administered 0.1 mL of a 2.5 pg/mL solution
of levothyroxine for a dosage 8 pg/kg. On the oth-
er hand, animals were administered 0.48-0.52 mL of
5 pg/mL levothyroxine solution for a dosage 80 pg/
kg. Groups and drugs administered are presented in
the Table 1. The period of administration of levothy-
roxine to mice was determined considering that the
half-life of levothyroxine is shorter in experimental
animals (1.7-24 h) than 5-9 days in humans (Capen,
1997; Jin and Han, 2010; Medwid et al., 2019).

In the study, fexofenadine was chosen as probe
drug of P-gp (Jin and Han, 2010). Blood samples
were taken into heparin-containing tubes from the
hearts of all animals under xylazine (10 mg/kg, IP)
+ ketamine (90 mg/kg, IP) anesthesia at 1 h after the
administration of fexofenadine and sacrified via cer-
vical dislocation. The blood samples were centrifuged
at 3,000 g for 10 minutes at 4 °C. The plasma samples
obtained were stored at -80 °C until the time of analy-
sis. The liver and the upper part of the small intestine
(duodenum) of mice were removed following sacrifi-

cation. Tissues were frozen in liquid nitrogen as soon
as they were received and stored at -80 °C until RNA
isolation.

Laboratory Tests

Isolation of RNA, cDNA Synthesis, and RT-PCR

Total RNA was isolated from tissue samples with
Purezole (Biorad, USA) in accordance with the pro-
spectus. Nanodrop (Roche, Swiss) was used to deter-
mine the quality and quantity of total RNA obtained.
RNAs were analyzed by agarose gel electrophoresis
and cDNA synthesis for all samples was performed
using the iScript ™ c¢DNA Synthesis Kit (Biorad,
USA, Cat. No: 170-8891). RT-qPCR was performed
on RT-qPCR Detection System (Biorad CFX Connect
Real-Time PCR Detection System, USA), using 4 uL
c¢DNA in a system containing 0.1 pL forward and re-
verse primer (100 uM), 10 uL SYBR Green Master
Mix (SsoAdvanced Universal SYBR Green Supermix
Biorad, USA), in a final volume of 20 pL. Cycling
conditions were as follows: Pre-incubation for 3 min
at 98 °C, followed by 39 cycles of 15 s at 95 °C, 30 s
at annealing temperature (Table 2), and 30 s at 72 °C.
At the end of RT-qPCR, melting curve was formed by
increasing the temperature from 60 °C to 95 °C. One
negative control was used in each test. The mdrla and
mdrlb gene expression was normalized by the B-ac-
tin (ACTB) housekeeping gene. Measurements for all
samples were carried out in triplicate.

Western Blot Analysis

The liver and small intestine tissues were homoge-
nized using a homogenizer (Isolab, Germany) follow-
ing addition Xtractor buffer (20x, Takara Bio USA,
Inc.) and 10 pL/mL of protease inhibitor cocktail
(ProteoGuard EDTA-Free, Takara Bio USA, Inc.).
Then, samples were centrifuged at 4 °C, 1,000 g for
10 min. The protein concentration of the obtained

Table 1. The substances administered and their doses in groups® (n=8)

Group Levothyroxine Fexofenadine
(6} -

F 40 mg/kg
LL 8 ng/kg -

HL 80 ng/kg -

LLF 8 ng/kg 40 mg/kg
HLF 80 ug/kg 40 mg/kg

“Mice received levothyroxine by daily gavage for 21 days. Fexofenadine was administered by gavage at the 24 h following the last
levothyroxine administration; *Distilled water was administered orally to the control group.
C, control; F, fexofenadine; LL, low-dose levothyroxine; HL, high-dose levothyroxine; LLF, low-dose levothyroxine+fexofenadine;

HLF, high-dose levothyroxine+fexofenadine
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Table 2. Sequence of primers, amplicon sizes and their annealing temperatures

Target Primers teﬁigl;zlttﬁs Lenght (bp)* Arfjrerfsie(r)n
TN SCROAICIEET e m o
AT SGGCTOGECHGOMCTGOGTAY e s

*PCR product size (base pair).

supernatant was determined using the BCA Protein
Assay Kit (Takara Bio Inc.). Supernatant was stored
at -20 °Cuntil analysis. Samples (40 pg) were dilut-
ed with an equal volume of 2 x Laemmli buffer, kept
at 95 °C for 5 min and centrifuged at 16,000 g for
1 min. Proteins were separated using electropheresis
in an 8% polyacrylamide gel containing 0.1% sodi-
um dodecyl sulfate, and subsequently transferred
to the PVDF membrane using the Trans-Blot Turbo
Transfer System. The membrane was blocked for 2
hours with 5% skimmed milk powder prepared in
tris-NaCl buffer (TBST) containing 0.1% tween-20.
Subsequently, the membrane was incubated at 22 °C
for 3 hours with P-gp antibodies (1:700, P-gp rabbit
polyclonal antibody) prepared in TBST containing
5% skimmed milk powder and washed 5 times with
TBST. The blotted membrane was incubated with
goat-anti-rabbit secondary antibody (1:4000) conju-
gated with HRP (horseradish peroxidase) for 1 hour at
22 °C and washed 5 times with TBST. The membrane
was incubated for 5 min with ECL substrate contain-
ing HRP substrates (Clarity Western ECL substrate,
Bio-Rad Laboratories, Inc.) and the relative densities
of bands were determined using the ChemiDoc MP
system.

Drug Analysis

Fexofenadine Analysis

The plasma concentration of fexofenadine was
determined by HPLC-UYV system (Shimadzu, Tokyo,
Japan) using the method reported by Helmy and El
Bedaiwy (2016). A total of 1.5 mL of ether was added
to 100 pL of the plasma sample and vortexed for 60
seconds. Subsequently, the ether phase was taken by
centrifuging at 3,000 g for 10 minutes, evaporated in
a water bath at 50 °C, dissolved with 100 pL of the
mobile phase and 25 pL was injected into the HPLC-
UV system. Sodium dihydrogen phosphate buffer (20
mmol, pH: 3.0, adjusted with orthophosphoric acid)

in water and acetonitrile (30:70, v/v) were used as
the mobile phase. The flow rate of pump was set at
1.0 mL/min. Gemini C18 column (250x4.6 mm; in-
ternal diameter, 5 pm; Phenomenex, Torrance, CA)
and SPD-10A UV-VIS detector, which set to 215 nm,
were used for fexofenadine detection. The column
temperature and autosampler were kept at 30 °C and
23 °C, respectively.

The stock solution (100 pg/mL) of fexofenadine
hydrochloride prepared in methanol was diluted to
prepare the calibration standards (20-2000 ng/mL)
and the quality control samples (40, 400 and 2000 ng/
mL). The calibration standards prepared using blank
mouse plasma in the concentration range of 20-2000
ng/mL were linear with 12 of >0.9993. The lowest
limit of quantitation (LLOQ) was 20 ng/mL with
acceptable validity values (correlation coefficient;
<20%, bias; £15%). The quality control samples were
used to determine the recovery and precision of the
method. The recovery of fexofenadine from mouse
plasma was >89%. The coefficient of intra-day and
between-day variation determined for the precision of
the method was <8.7%, and the bias for reality was
+8.3%.

Statistical Analyses

The RT-gPCR results performed with primers
whose primary efficiency was between 1.9-2.2 were
normalized using the 2-“ method according to Livak
and Schmittgen (2001) criteria. After normalization,
the Anderson-Darling normality test was performed,
and it was found that the values showed normal distri-
bution. Analyzes were carried out with the SPSS 22.0
package program. Differences between groups were
evaluated using the Tukey test. Graphics were drawn
using mean + SEM values.

The plasma concentrations of fexofenadine were
presented as mean + SD and inter-group differences
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were determined using the Mann-Whitney U test.
P<0.05 was considered statistically significant in the
results.

RESULTS

The results on the effects of levothyroxine on the
expression, protein level, and function of P-gp in the
liver and intestinal are presented in Figures 1, 2, 3,
and 4, respectively. Compared to the control group,
levothyroxine at low and high doses caused an insig-
nificant increase in the intestinal mRNA expression
of mdrla, while the addition of fexofenadine to the
high dose treatment of levothyroxine caused a signif-
icant increase (P<0.05, Fig. 1A). On the other hand,
levothyroxine caused a dose-dependent decrease in
the intestinal mRNA expression of mdrlb (P<0.05,

0,025
0,02 1
0,015

0,01

Fig. 1B). In the liver, levothyroxine caused a dose-de-
pendent increase in the mRNA expression of mdrla
(P<0.05, Fig. 2A) and a non-dose-dependent increase
(P<0.05) in the mRNA expression of mdrlb com-
pared to the control group (Fig. 2B). The addition of
fexofenadine to levothyroxine significantly caused a
decrease in the effect of levothyroxine on the mRNA
expression of mdrla in the liver (P<0.05, Fig. 2A).

Consistent with the mRNA levels of P-gp, it was
determined that levothyroxine increased the protein
level of P-gp in the liver and decreased in the intes-
tines (Fig. 3). While levothyroxine significantly led to
an increase in the plasma concentration of fexofen-
adine at a low dose (P<0.05), it did not cause any
change at a high dose (P>0.05, Fig. 4).

mdrla (A) ?

0,00035

0,0003

ab
ah
ab
0,005 4 |
N :
0 I T T T —
C F LL HL

LLF HLF

Groups

a mdrlb (B)

0,00025 -
0,0002 b
0,00015 -
0,0001 -
he
0,00005 -
K2 c
0 Bl T T T ﬁ
C F LL

hec
C
_ -
HL LLF HLF
Groups

Fig. 1. mdrla (A) and mdr1b (B) mRNA levels in the small intestine of mice treated with different doses of levothyroxine (n = 8, mean

+ SEM).

a, b, c: Different letters between groups are statistically significant (P<0.05).
C, control; F, fexofenadine; LL; low-dose levothyroxine; HL, high-dose levothyroxine, LLF, low-dose levothyroxine+fexofenadine;

HLF, high-dose levothyroxine+fexofenadine
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Fig. 2. mdrla (A) and mdr1b (B) mRNA levels in the liver of mice treated with different doses of levothyroxine (n = 8, mean + SEM).

a, b, c: Different letters between groups are statistically significant (P<0.05).
C, control; F, fexofenadine; LL, low-dose levothyroxine; HL, high-dose levothyroxine; LLF, low-dose levothyroxine+fexofenadine;
HLF, high-dose levothyroxine+fexofenadine

Small Intestine

P-gp [ o——

B-actin - o GRS e— -—pe— cmm—

Liver

.-

P-gp o o o= gl o o

-actin ——
C

F LL HL LLF HLF

Fig. 3. Western blot analysis of P-gp in liver and small intestine tissues of mice treated with different doses of levothyroxine.

C, control; F, fexofenadine; LL, low-dose levothyroxine; HL, high-dose levothyroxine; LLF, low-dose levothyroxine+fexofenadine;
HLF, high-dose levothyroxine+fexofenadine
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3500 -

3000 +

2500 +

2000 +

{ng/mL)

1500 4+

1000 4

Plasma fexofenadine concentration

500 A

F

LLF HLF

Fig. 4. Plasma concentrations of fexofenadine in rats treated with different doses of levothyroxine (n = 8, mean + SD).

a, b: Different letters between groups are statistically significant (P<0.05).
F, fexofenadine; LLF, low-dose levothyroxine+fexofenadine; HLF, high-dose levothyroxine+fexofenadine.

DISCUSSION

P-gp, a transmembrane transporter, plays an im-
portant role in the drug disposition in the body and
drug-drug / drug-food interaction. This transporter
is widely found in organs and tissues that determine
disposition of drugs. A lot of studies have been con-
ducted on the induction and inhibition of this most
well-characterized protein.

We determined that levothyroxine caused a de-
crease in the mRNA expression of mdrl in the intes-
tines and an increase in the liver depending on the
dose. Previous studies have reported that the effects of
various drugs and chemicals on P-gp expression were
dose and tissue-dependent (Drescher et al., 2003;
Gonzalez-Lobato et al., 2010; Narang et al., 2008;
Tanaka et al., 2004; Tras et al., 2021; Zong and Pol-
lack, 2003). In a human study, it has been found that
17-day levothyroxine administration (200 pg/day)
caused a small increase in the mRNA expression of
mdrl in the upper doudenal region and a significant
increase in immunoreactive P-gp (Siegmund et al.,
2002). The aforementioned study has similar and dif-
ferent results with our findings. We found an insignif-
icant increase in the mRNA expression of mdrla and
a significant decrease in the expression of mdrlb in
the intestine, however a decrease in the P-gp protein
level. The discrepancy between the mentioned study
and our findings may be related to differences in used
species, tissue, P-gp analysis method, and the dose of
levothyroxine. While the upper part of the duodenum
for mRNA expression was used in the other study,
its entire was used in our study. The distribution of

P-gp in the intestines differs regionally (Mouly and
Paine, 2003). The different responses of mdrla and
mdrlb to drugs may be related to their tissue distri-
bution because in mice mdrla is highest in gastroin-
testinal tract, mdrlb in the ovary and placenta (Cui et
al., 2009).

Atthe stage of determining the effect of levothyrox-
ine on the P-gp function of the study, we determined
that low-dose levothyroxine significantly increased
the plasma level of fexofenadine compared to the fex-
ofenadine group, while high-dose levothyroxine did
not cause any significant change. The reason for the
increase in the plasma concentration of fexofenadine
caused by low-dose levothyroxine may be related to
the decrease in the P-gp level in the intestine. It may
also be related to the fact that a low dose fexofenadine
causes a slight increase in liver P-gp level compared
to a high dose. The slight increase in the P-gp level
in the liver may cause a decrease in the excretion of
fexofenadine through the liver and thus more passage
into the systemic circulation. In addition, the effects
of levothyroxine on the P-gp of other organs such as
the kidney may have contributed to the difference in
the concentration of fexofenadine. It has been report-
ed that 17 days of levothyroxine administration to hu-
mans did not cause a change in the pharmacokinetics
of talinolol, a specific P-gp substrate, for oral and IV
administration (Siegmund et al., 2002).

Previous studies on the interaction of fexofenadine
with membrane transporters have reported that trans-
porters such as organic-anion-transporting polypep-
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tides (OATP) as well as P-gp are effective on the dis-
positon of fexofenadine in the body (Cvetkovic et al.,
1999; Dresser et al., 2002; Jin and Han, 2010; Medwid
et al., 2019; Molimard et al., 2004). It is stated that
fexofenadine is a substrate for OATP in addition to
P-gp, P-gp inhibitors also inhibit OATP and these two
carriers are found together in organs such as the liver
(Cvetkovic et al., 1999). Medwid et al. (2019) report-
ed that the maximum concentration (C__ ) and area
under curve (AUC) parameters of fexofenadine were
70 and 41% lower, respectively, for oral administra-
tion in transgenic mice compared to wild mice, but
similar for IV administration. In the same study, the
authors determined that the simultaneous oral admin-
istration of fexofenadine to wild mice with grapefruit
and apple juices caused a decrease in C__ (80-88%)
and AUC (35-70%). Dresser et al. (2002) reported that
grapefruit, apple, and orange juices caused a 70 and
60% reductioninthe C_ and AUC of fexofenadine in
humans, and this reduction was associated with OATP
inhibition (Cvetkovic et al., 1999). On the other hand,
Jin and Han (2010) have reported that piperine caused
an increase 2-fold in the AUC of fexofenadine, and
this increase was associated with the inhibition of
P-gp in the intestine and liver. The also investigators
emphasized that the increase in AUC did not relate to
OATP inhibition, because OATP inhibition may have
caused a decrease in the AUC. Previous studies indi-
cated that fexofenadine is the substrate of P-gp and
OATP transporters, which have an opposite effect on
drug behavior (Cvetkovic et al., 1999; Dresser et al.,
2002). Therefore, it is understood that it would not be
correct to explain the change in plasma concentration
of fexofenadine only by the effect of levothyroxine
on the P-gp function. In oral administration of drugs
such as fexofenadine which is both P-gp and OATP
substrate, and poor-metabolized, the degree of inhibi-
tion of P-gp can be more important than OATP on the
plasma drug concentration.

We determined that the administration of fexofen-
adine alone caused an insignificant increase in the
mRNA level of mdrla in the doudenum compared
to the control group. On the other hand, the admin-
istration of fexofenadine plus high-dose levothyrox-
ine caused a significant increase in the mRNA level
of mdrla but not an increase in the P-gp protein lev-
el. The increase associated with fexofenadine in the
mRNA level of mdrla may be related to the fact that
the presence of the substrate stimulates P-gp expres-
sion (Dickenson et al., 2012). In addition, it is indicat-
ed that the increase in mRNA may not be reflected in
protein synthesis (Shirasaka et al., 2009).

In conclusion, it can be stated that the effect of
levothyroxine used for a long-time treatment on P-gp
varies depending on the dose and tissue. To deter-
mine the effect of inducers such as levothyroxine on
the pharmacokinetics of drugs that are substrates for
more than one transporter such as fexofenadine, it is
necessary to define the effectiveness of inducers on
different transporters in many tissues. In addition, it
can be pointed out that the metabolism ratios of drugs
such as fexofenadine that is a substrate of both P-gp
and OATP transporter may play an important role in
their interactions with substances (drug/food) that can
modulate these transporters.

ACKNOWLEDGEMENTS

Selcuk University Scientific Research Projects Co-
ordinator (SUBAPK, 18301009) supported the study
financially. The abstract of the study was presented at
the EDUVET International Veterinary Science Con-
gress, Turkiye, 25-27 June 2021.

CONFLICT OF INTEREST
The authors declare that there are no conflicts of
interest.

JHELLENIC VET MED SOC 2023, 74 (3)
TIEKE 2023, 74 (3)



B. TRAS, K. UNEY, H. ESER FAKI, T. MELIKE PARLAK, Z. OZDEMIR KUTAHYA

6255

REFERENCES

Ambudkar, S.V., Dey, S., Hrycyna, C.A., Ramachandra, M., Pastan, I.,
and Gottesman, M.M., 1999. Biochemical, cellular, and pharmaco-
logical aspects of the multidrug transporter. Annual Review of Phar-
macology and Toxicology 39(1): 361-398. doi: 10.1146/annurev.
pharmtox.39.1.361

American Society of Hospital Pharmacists. (2010). AHFS Drug Informa-
tion 2010: Bethesda, MD: American Society of Health-System Phar-
macists.

Brady, J.M., Cherrington, N.J., Hartley, D.P., Buist, S.C., Li, N., Klaas-
sen, C.D. 2002. Tissue distribution and chemical induction of multi-
ple drug resistance genes in rats. Drug Metabolism and Disposition
30(7): 838-844. doi: 10.1124/dmd.30.7.838

Burk, O., Brenner, S., Hofmann, U., Tegude, H., Igel, S., Schwab, M.,
Eichelbaum, M., and Alscher, M. 2010. The impact of thyroid dis-
ease on the regulation, expression, and function of ABCB1 (MDR1/P
glycoprotein) and consequences for the disposition of digoxin. Clin-
ical Pharmacology & Therapeutics 88(5): 685-694. doi: 10.1038/
clpt.2010.176

Capen, C.C. 1997. Mechanistic data and risk assessment of selected toxic
end points of the throid gland. Toxicologic Pathology 25(1): 39-48.
doi: 10.1177/019262339702500109

Cetin, G.,Tras, B., and Uney, K. 2021. The effects of P-glycoprotein mod-
ulators on the transition of levofloxacin to rat brain, testicle, and plas-
ma: In vivo and in silico studies. Chemistry Select 6: 7476-7481. doi:
10.1002/s1ct.202102122

Chawla, A., Repa, J.J., Evans, R.M., and Mangelsdorf, D.J. 2001. Nu-
clear receptors and lipid physiology: opening the X-files. Science
294(5548): 1866-1870. doi: 10.1126/science.294.5548.1866

Cicatiello, A.G., Di Girolamo, D., and Dentice, M. 2018. Metabolic ef-
fects of the intracellular regulation of thyroid hormone: old players,
new concepts. Frontiers in Endocrinology 9: 474. doi: 10.3389/fen-
do.2018.00474

Cui, YJ., Cheng, X., Weaver, Y.M., Klaassen, C.D. 2009. Tissue distri-
bution, gender-divergent expression, ontogeny, and chemical induc-
tion of multidrug resistance transporter genes (mdrla, mdrlb, mdr2)
in mice. Drug Metabolism and Disposition 37(1): 203-210. doi:
10.1124/dmd.108.023721

Cvetkovic, M., Leake, B., Fromm, M.F., Wilkinson, G.R., and Kim, R.B.
1999. OATP and P-glycoprotein transporters mediate the cellular up-
take and excretion of fexofenadine. Drug Metabolism and Disposi-
tion 27(8): 866-871.

Dickenson, J., Freeman, F, Mills, C.L., Thode, C., Sivasubramaniam, S.
2012. Trasnporter Proteins. Molecular Pharmacology: From DNA to
Drug Discovery. Wiley-Blackwell. pp. 129-74.

Drescher, S., Glaeser, H., Miirdter, T., Hitzl, M., Eichelbaum, M., and
Fromm, M.F. 2003. P-glycoprotein-mediated intestinal and biliary
digoxin transport in humans. Clinical Pharmacology & Therapeutics
73(3): 223-231. doi: 10.1067/mcp.2003.27

Dresser, G.K., Bailey, D.G., Leake, B.F., Schwarz, U.I., Dawson, P.A.,
Freeman, D.J., and Kim, R.B. 2002. Fruit juices inhibit organic anion
transporting polypeptide-mediated drug uptake to decrease the oral
availability of fexofenadine. Clinical Pharmacology & Therapeutics
71(1): 11-20. doi: 10.1067/mcp.2002.121152

Dresser, G.K., Schwarz, U.I., Wilkinson, G.R., and Kim, R.B. 2003. Coor-
dinate induction of both cytochrome P4503A and MDR1 by St John’s
wort in healthy subjects. Clinical Pharmacology & Therapeutics
73(1): 41-50. doi: 10.1067/mcp.2003.10

Engels, K., Rakov, H., Zwanziger, D., Hones, G.S., Rehders, M., Brix, K.,
Kohrle, J., Moller, L.C., and Fithrer, D. 2016. Efficacy of protocols
for induction of chronic hyperthyroidism in male and female mice.
Endocrine 54(1): 47-54. doi: 10.1007/s12020-016-1020-8

Faber, K.N., Miiller, M., and Jansen, P.L. 2003. Drug transport proteins
in the liver. Advanced Drug Delivery Reviews 55(1): 107-124. doi:
10.1016/s0169-409x(02)00173-4

Fernandez, C., Buyse, M., German-Fattal, M., and Gimenez, F. 2004.
Influence of the pro-inflammatory cytokines on P-glycoprotein ex-

pression and functionality. Journal of Pharmacy & Pharmaceutical
Sciences 7(3): 359-371.

Gonzalez-Lobato, L., Real, R., Prieto, J.G., Alvarez, A.L, and Merino,
G. 2010. Differential inhibition of murine Berpl/Abcg2 and human
BCRP/ABCG?2 by the mycotoxin fumitremorgin C. European Journal
of Pharmacology 644(1-3): 41-48. doi: 10.1016/j.ejphar.2010.07.016

Greiner, B., Eichelbaum, M., Fritz, P., Kreichgauer, H.-P., Von Richter,
0., Zundler, J., and Kroemer, H.K. 1999. The role of intestinal P-gly-
coprotein in the interaction of digoxin and rifampin. The Journal of
Clinical Investigation 104(2): 147-153. doi: 10.1172/JC16663

Giil, I.G., Eryilmaz, G., and Karamustafalioglu, K.O. 2016. P-glycopro-
tein and its Role in Treatment Resistance. Psikiyatride Giincel Yak-
lagimlar 8(1): 19-31. doi: 10.5455/cap.20150610111721

Hebert, M.F., Fisher, R.M., Marsh, C.L., Dressler, D., and Bekersky, 1.
1999. Effects of rifampin on tacrolimus pharmacokinetics in healthy
volunteers. The Journal of Clinical Pharmacology 39(1): 91-96. doi:
10.1177/00912709922007499

Ho, R.H., and Kim, R.B. 2005. Transporters and drug therapy: impli-
cations for drug disposition and disease. Clinical Pharmacology &
Therapeutics 78(3): 260-277. doi: 10.1016/j.¢1pt.2005.05.011

Hsu, S.I., Lothstein, L., Horwitz, S.B. 1989. Differential overexpression
of three mdr gene family members in multidrug-resistant J774.2
mouse cells. Evidence that distinct P-glycoprotein precursors are
encoded by unique mdr genes. The Journal of Biological Chemistry
264(20): 12053-12062.

https://datasheets.scbt.com/sc-218475.pdf [accessed 12 November 2022].

https://go.drugbank.com/drugs/DB00451 [accessed 11 November 2022].

Jin, M.J., and Han, H.K. 2010. Effect of piperine, a major component of
black pepper, on the intestinal absorption of fexofenadine and its im-
plication on food-drug interaction. Journal of Food Science 75(3):
H93-H96. doi: 10.1111/j.1750-3841.2010.01542.x

Kim, M., and Lee, B.C. 2019. Therapeutic effect of Scutellaria baical-
ensis on L-Thyroxine-induced hyperthyroidism rats. Evidence-Based
Complementary and Alternative Medicine 2019: 3239649 doi:
10.1155/2019/3239649

Kirn, R.B., Wandel, C., Leake, B., Cvetkovic, M., Fromm, M.F., Dempsey,
P.J., Roden, M.M., Belas, F., Chaudhary, A.K., and Roden, D.M.
1999. Interrelationship between substrates and inhibitors of human
CYP3A and P-glycoprotein. Pharmaceutical Research 16(3): 408-
414. doi: 10.1023/a:1018877803319

Markov, G.V., and Laudet, V. 2011. Origin and evolution of the li-
gand-binding ability of nuclear receptors. Molecular and Cellular En-
docrinology 334(1-2): 21-30. doi: 10.1016/j.mce.2010.10.017

Matheny, C.J., Lamb, M.W., Brouwer, K.L., and Pollack, G.M. 2001. Phar-
macokinetic and pharmacodynamic implications of P-glycoprotein
modulation. Pharmacotherapy: The Journal of Human Pharmacology
and Drug Therapy 21(7): 778-796. doi: 10.1592/phco.21.9.778.34558

Medwid, S., Li, M.M., Knauer, M.J., Lin, K., Mansell, S.E., Schmerk,
C.L., Zhu, C., Griffin, K.E., Yousif, M.D., and Dresser, G.K. 2019.
Fexofenadine and rosuvastatin pharmacokinetics in mice with tar-
geted disruption of organic anion transporting polypeptide 2BI.
Drug Metabolism and Disposition 47(8): 832-842. doi: 10.1124/
dmd.119.087619

Mitin, T., Von Moltke, L.L., Court, M.H., Greenblatt, D.J. 2004. Levothy-
roxine up-regulates P-glycoprotein independent of the pregnane X
receptor. Drug Metabolism and Disposition: The Biological Fate of
Chemicals 32(8): 779-782. doi: 10.1124/dmd.32.8.779

Molimard, M., Diquet, B., and Benedetti, M.S. 2004. Comparison of phar-
macokinetics and metabolism of desloratadine, fexofenadine, levoce-
tirizine and mizolastine in humans. Fundamental & Clinical Pharma-
cology 18(4): 399-411. doi: 10.1111/j.1472-8206.2004.00254.x

Mouly, S., and Paine, M.F. 2003. P-glycoprotein increases from proximal
to distal regions of human small intestine. Pharmaceutical Research
20(10): 1595-1599. doi: 10.1023/a:1026183200740

Mullur, R., Liu, Y.-Y., and Brent, G.A. 2014. Thyroid hormone regulation
of metabolism. Physiological Reviews 94(2): 355-382. doi: 10.1152/

J HELLENIC VET MED SOC 2023, 74 (3)
TIEKE 2023, 74 (3)



6256

B. TRAS, K. UNEY, H. ESER FAKI, T. MELIKE PARLAK, Z. OZDEMIR KUTAHYA

physrev.00030.2013

Narang, V.S., Fraga, C., Kumar, N., Shen, J., Throm, S., Stewart, C.F.,
and Waters, C.M. 2008. Dexamethasone increases expression and
activity of multidrug resistance transporters at the rat blood-brain
barrier. American Journal of Physiology-Cell Physiology 295(2):
C440-C450. doi: 10.1152/ajpcell.00491.2007

O’Connor, P., and Feely, J. 1987. Clinical pharmacokinetics and endo-
crine disorders. Clinical Pharmacokinetics 13(6): 345-364. doi:
10.2165/00003088-198713060-00001

Shirasaka, Y., Konishi, R., Funami, N., Kadowaki, Y., Nagai, Y., Sakaeda,
T., and Yamashita, S. 2009. Expression levels of human P-glycopro-
tein in In Vitro cell lines: correlation between mRNA and protein lev-
els for P-glycoprotein expressed in cells. Biopharmaceutics & Drug
Disposition 30(3): 149-152. doi: 10.1002/bdd.650

Siegmund, W., Altmannsberger, S., Paneitz, A., Hecker, U., Zschiesche,
M., Franke, G., Meng, W., Warzok, R., Schroeder, E., and Sperker,
B. 2002. Effect of levothyroxine administration on intestinal P-gly-
coprotein expression: consequences for drug disposition. Clini-
cal Pharmacology & Therapeutics 72(3): 256-264. doi: 10.1067/
mcp.2002.126706

Simons, F.E.R., and Simons, K.J. 1999. Clinical pharmacology of new
histamine H 1 receptor antagonists. Clinical Pharmacokinetics 36(5):
329-352. doi: 10.2165/00003088-199936050-00003

Simpson, K., and Jarvis, B. 2000. Fexofenadine: a review of its use in
the management of seasonal allergic rhinitis and chronic idiopathic
urticaria. Drugs 59(2): 301-321. doi: 10.2165/00003495-200059020-
00020

Tanaka, Y., Slitt, A.L., Leazer, T.M., Maher, J.M., and Klaassen, C.D.

2004. Tissue distribution and hormonal regulation of the breast can-
cer resistance protein (Berp/Abcg2) in rats and mice. Biochemical
and Biophysical Research Communications 326(1): 181-187. doi:
10.1016/j.bbrc.2004.11.012

Thiebaut, F., Tsuruo, T., Hamada, H., Gottesman, M.M., Pastan, 1., and
Willingham, M.C. 1987. Cellular localization of the multidrug-resis-
tance gene product P-glycoprotein in normal human tissues. Proceed-
ings of the National Academy of Sciences 84(21): 7735-7738. doi:
10.1073/pnas.84.21.7735

Tras, B., Cetin, G., Uney, K., Dik, B., Corum, O., and Atalay, S. 2017.
Effects of BCRP and P-gp Modulators on the Penetration of Aflatox-
in B1 into the Mouse Brain. Kafkas Universitesi Veteriner Fakultesi
Dergisi 23(1).

Tras, B., Faki, H.E., Kutahya, Z.0O., Bahcivan, E., Dik, B., Bozkurt, B.,
and Uney, K. 2021. Treatment and protective effects of metallopro-
teinase inhibitors alone and in combination with N-Acetyl cysteine
plus vitamin E in rats exposed to aflatoxin B1. Toxicon 194: 79-85.
doi: 10.1016/j.toxicon.2021.02.012

Westphal, K., Weinbrenner, A., Zschiesche, M., Franke, G., Knoke, M.,
Oertel, R., Fritz, P., Von Richter, O., Warzok, R., and Hachenberg,
T. 2000. Induction of P-glycoprotein by rifampin increases intestinal
secretion of talinolol in human beings: a new type of drug/drug inter-
action. Clinical Pharmacology & Therapeutics 68(4): 345-355. doi:
10.1067/mep.2000.109797

Zong, J., and Pollack, G.M. 2003. Modulation of P-glycoprotein trans-
port activity in the mouse blood-brain barrier by rifampin. Journal of
Pharmacology and Experimental Therapeutics 306(2): 556-562. doi:
10.1124/jpet.103.049452

J HELLENIC VET MED SOC 2023, 74 (3)
TIEKE 2023, 74 (3)


http://www.tcpdf.org

