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Dexmedetomidine impairs P-glycoprotein-mediated efflux function
in L02 cells via the adenosine 5'-monophosphate-activated
protein kinase/nuclear factor-kB pathway
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Abstract. Dexmedetomidine (DEX) a type of the anaesthetic
that has been widely used in anaesthesia and intensive care.
However, whether DEX affects the pharmacokinetics of drugs
remains elusive. As hepatic P-glycoprotein (P-gp) serves a
critical role in the disposition of drugs, the present study
aimed to address whether P-gp function could be affected
by DEX in vitro. In the present study, L02 cells (a normal
human liver cell line) were exposed to DEX for 24 h and P-gp
function was evaluated by the intracellular accumulation of
Rhodamine 123. The results indicated that P-gp function was
significantly impaired by DEX treatment and that the mRNA
levels and protein levels of P-gp were downregulated in a
dose- and time-dependent manner. Importantly, DEX-induced
downregulation of P-gp was associated with adenosine
5'-monophosphate-activated protein kinase (AMPK) activa-
tion, as it was significantly attenuated by AMPK inhibition
using dorsomorphin. Furthermore, the results revealed that
changes in the subcellular localisation of nuclear factor
(NF)-«B following AMPK activation were involved in the P-gp
regulation in response to DEX treatment. Collectively, these
results suggested that DEX impairs P-glycoprotein-mediated
efflux function in LO2 cells via the AMPK/NF-kB pathway,
which provided direct evidence that the hepatic disposition of
drugs may be affected by DEX through the downregulation
of P-gp.
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Introduction

Accruing evidence indicates that anaesthetics not only exert
anaesthetic action but also affect a variety of physiological
changes, including haemo-dynamics (1), immune regula-
tion (2), inflammatory responses (3) and ischaemia/reperfusion
(I/R) injury during severe surgeries (4). Dexmedetomidine
(DEX) is one of the anaesthetics that have been widely used
for anaesthesia and intensive care. However, in addition to its
sedative, anxiolytic, analgesic and anaesthetic effects, DEX
has recently been extensively studied for its non-anaesthetic
effect. For example, it has been shown to exert a protective
effect on specific organs, including the brain, heart, lung and
kidney, likely via decreasing cell apoptosis (5,6) and inhibiting
pro-inflammatory cytokine release (7,8). To date, few studies
have examined the effects of DEX on the pharmacokinetics of
drugs. Given that hepatocytes play a critical role in the phar-
macokinetics of drugs and that DEX is rapidly distributed and
extensively metabolised in the liver, we hypothesised that the
hepatic expression of genes responsible for the modulation of
pharmacokinetics may be influenced by DEX.

The liver is one of the most important organs responsible
for the metabolism and biliary excretion of drugs, and hepatic
drug transporters play important roles in the hepatic disposi-
tion of drugs by modulating the uptake of drugs from the blood
into the hepatocytes or the efflux of drugs into bile. Basolateral
transport systems (e.g., organic cation transporters such as
OCTI1 and organic anion-transporting polypeptides such
as OATP1BI1) are responsible for the translocation of molecules
across the sinusoidal membrane into hepatocytes, whereas
active canalicular transport systems [e.g., P-glycoprotein
(P-gp) and multidrug resistance proteins (MRPs)] are respon-
sible for the biliary excretion of drugs, phase I or phase II drug
metabolites, and endogenous compounds into bile (9,10). P-gp,
a 170 kDa product encoded by ABCBI (also termed as MDR1)
was the first ATP-binding cassette (ABC) transporter identified
in the canalicular membranes of normal hepatocytes. As one
of the most studied drug transporters, it plays a significant role
in the active efflux of drugs, and most therapeutic agents that
cross the cell plasma membrane via passive diffusion (lipo-
philic drugs) are P-gp substrates, including anticancer drugs,
antibiotics, antiemetics, antiepileptics and steroids (11,12). In
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addition to P-gp, MRP2 also mediates the biliary elimination
of different organic anions, including glutathione-S-conju-
gates of leukotriene, of bilirubin and of oestrogens; MRP3 and
MRP4, which are present at the sinusoidal pole of hepatocytes,
contribute to the transport of xenobiotics, nucleoside analogues
and antiviral drugs for secondary renal elimination (13,14).

Currently, though evidence of the relationship between
DEX and hepatic drug metabolism is insufficient and the
mechanism remains elusive, a number of in vitro and in vivo
studies have revealed that DEX can elicit various non-anaes-
thetic effects via various signalling pathways, including ERK,
Akt and adenosine 5'-monophosphate-activated protein kinase
(AMPK) (15-17). In contrast, the expression of canalicular
drug transporters has been recently reported to be partially
mediated by various second messengers, as well as by protein
kinases, in response to different endogenous or exogenous
stimuli (18,19). In this study, we examined the effect of DEX
on the expression of hepatic drug transporters by using L02
cells (a normal human liver cell line) as an in vitro model.
In particular, we investigated the effect of DEX on the
expression and function of P-gp in vitro and explored the
possible signal transduction pathways by using specific
inhibitors. Our findings may provide a new perspective on
the non-anaesthetic effect of DEX regarding P-gp function and
hepatic drug disposition.

Materials and methods

Chemicals. Cell culture reagents were purchased from
Thermo Fisher Scientific (Waltham, MA, USA ). DEX was
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). PD98059 (ERK inhibitor), LY294002 (PI3K/Akt
inhibitor), SB600125 (JNK inhibitor), SB203580 (p38 inhib-
itor) and dorsomorphin (AMPK inhibitor) were purchased
from ApexBio (Houston, TX, USA). Nuclear factor (NF)-«xB,
GAPDH, Histone 3 and P-gp were purchased from Abcam
(Cambridge, UK). ATP1A1 was purchased from Proteintech
(Wenzhou, China). Phosphorylated AMPK (p-AMPK) at
Thrl172 and total AMPK were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA).

Cell culture and treatment. The normal human liver cell
line LO2 (obtained from the Chinese Academy of Science
Committee Type Culture Collection Cell Bank) was cultured
in high-glucose Dulbecco's modified Eagle's medium
supplemented with 10% foetal bovine serum. The cells were
maintained in a humidified incubator at 37°C in an atmo-
sphere containing 5% CO,. The medium was changed every
two days. The LO2 cells were exposed to 0.1, 0.2, 0.5, 1, 2,
5 and 10 yM DEX for 12-24 h to test its effect on P-gp. In
some experiments, the cells were pretreated with the following
inhibitors for 1 h before exposure to DEX: PD98059 (10 uM),
LY294002 (20 xuM), SB600125 (10 #M), SB203580 (10 M)
and dorsomorphin (10 zM). As the stock solution of inhibi-
tors was dissolved in DMSO, an equal volume of DMSO (final
concentration <0.1%) was added to the control cells.

Cell viability assay. Cell viability was evaluated using the
Cell Counting kit-8 (CCK-8) assay kit (Dojindo Laboratories,
Kumamoto, Japan). After DEX treatment, the cells were
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incubated with 100 ul of 10% CCK-8 reagent for 30 min
at 37°C. The absorbance of each well was measured using a
Multiskan Spectrum (Thermo Fisher Scientific) at 450 nm.

Intracellular Rhodamine 123 accumulation assay. The
efflux function of P-gp was evaluated by measuring the accu-
mulation of Rhodamine 123 (a specific substrate for P-gp) as
described previously (20). Briefly, the cells were incubated
with 5 uM of Rhodamine 123 in culture medium at 37°C
for 1 h. After incubation, the unabsorbed Rhodamine 123
was removed, and the cells were washed three times with
ice-cold PBS. The cells were harvested and then lysed with
0.3% Triton X-100. The amount of Rhodamine 123 was
determined using a Multiskan Spectrum (Thermo Fisher
Scientific) and normalised to the protein content. Verapamil
(100 kM) was used as a positive control for the specific inhi-
bition of P-gp function.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was extracted from LO2 cells
using TRIzol (Life Technologies, Grand Island, NY, USA),
and cDNA was synthesised with an RNA isolation plus kit
(Applied Biosystems, Foster City, CA, USA). Q-PCR was
performed using a 7900HT Fast Real-Time PCR system
(Applied Biosystems), and the relative mRNA levels were
calculated as a fold change using the comparative quantita-
tive cycle (Cq) method (AACq) with GAPDH used as the
internal control. The primers are listed in Table I.

Western blot analysis. P-gp was extracted from the
membrane proteins as described previously (21). Briefly,
the membranous fractions were isolated by homogenising
the cells in a buffer containing 12 mM of Tris-HCI, 5 mM
of EGTA, 300 mM of mannitol and a cocktail of protease
inhibitors. Unbroken cells and nuclei were precipitated by
centrifugation. The resulting supernatant was centrifuged at
18,000 g for 1 h to give a total plasma membrane protein,
and the resulting pellet was resuspended in 1% sodium
dodecyl sulfate containing a cocktail of protease inhibitors
(Thermo Fisher Scientific). Samples (20 ug of protein) were
subjected to 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and the content of P-gp was
determined using a mouse monoclonal antibody against P-gp
(Abcam; 1:500). ATP1A1 (Proteintech; 1:1,000) served as
loading control. For total protein extraction, the cells were
harvested and lysed on ice for 30 min in 100 ul of RIPA
buffer containing a cocktail of protease and phosphatase
inhibitor. Samples containing 20 ug of extracted protein
were loaded, and the expression of p-AMPK, AMPK and
NF-kB (p65) was determined using a rabbit monoclonal
antibody against p-AMPK (1:1,000), a rabbit monoclonal
antibody against AMPK (both Cell Signaling Technologys;
1:1,000) and a rabbit monoclonal antibody against NF-xB
(Abcam; 1:2,000), respectively. Cytoplasmic and nuclear
fractions were extracted using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific).
Approximately 20 ug of cytoplasmic proteins and 8 ug of
nuclear proteins were loaded. Histone 3 and GAPDH served
as loading controls for nuclear fractions and cytoplasmic
fractions, respectively. Immunodetection was performed
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Table I. Primers for reverse transcription-quantitative polymerase chain reaction.

Gene Full name Sequences, forward/reverse 5'-3'
CYP7AI Cytochrome P450 7A1 GCTCTTTACCCACAGTTAATGC
TTGTCTTCCCGTTTTCATCA
CYP27A1 Cytochrome P450 27 CAAGGACTTTGCCCACATGC
TGGCAGAACACAAACTGGGT
P-gp P-glycoprotein GTTCTTTCAGTCAATGGCAAC
TCTAATTGCTGCCAAGACCTC
MRP2 Multidrug resistance-associated protein 2 GGACAGTGACAAGGTAATGGTCC
TGCCGCACTCTATAATCTTCCC
MRP3 Multidrug resistance-associated protein 3 TCTGTCCTGGCTGGAGTCG
TCCGTTGAGTGGAATCAGCA
MRP4 Multidrug resistance-associated protein 4 CCCTTTAAGGAGCACACGGA
TACCTCTTGTAAGGCATTCCACAGT
GAPDH Glyceraldehyde-3-phosphate dehydrogenase TATTGTTGCCATCAATGACCC
ACTCCACGACGTACTCAGC
of variance, followed by the Newman-Keuls post hoc test.
= Comparisons between two groups were done with a Student's
‘g 100+ t-test. P<0.05 was considered to indicate a statistically signifi-
= cant difference.
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Figure 1. Effect of DEX on the viability of LO2 cells. LO2 cells were treated
with 0.1-10 uM of DEX for 24 h. Cell viability was assessed by CCK-8 assay.
The data are presented as the mean + SD (n=6-8/group). DEX, dexmedetomi-
dine; CCK-8, Cell Counting kit-8; SD, standard deviation.

with an enhanced chemiluminescence detection system
(Thermo Fisher Scientific).

Immunofluorescence staining. Cells were fixed in
3.7% formaldehyde at room temperature for 15 min and
then permeabilised with 0.3% Triton-X100 for 15 min.
After incubation with primary antibodies against P-gp
at 4°C overnight, the cells were incubated with Alexa Fluor
488-conjugated secondary antibodies for 1 h. The nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI). All images
were visualised and processed using a Leica application suite
(LAS AF Lite; Leica, Mannheim, Germany).

Statistical analysis. Statistical analyses were performed using
GraphPad Prism 5 (La Jolla, CA, USA). The data are expressed
as the means + standard deviation (SD). For the comparisons
of multiple groups, data were evaluated by one-way analysis

(0.1-10 uM), suggesting that the viability of LO2 cells was not
affected by DEX (Fig. 1). Q-PCR analysis revealed thatonly P-gp
expression was significantly downregulated by DEX treatment
(~45%; P<0.05), with no significant effects observed
on the expression of CYP7A1, CYP27A1, MRP2, MRP3 and
MRP4 (Fig. 2).

The efflux function of P-gp was suppressed by DEX treatment
in LO2 cells. The intracellular accumulation of Rhodamine 123
was dose-dependently increased by DEX treatment at
0.1-1 uM. As shown, though the intracellular accumulation
of Rhodamine 123 was not significantly increased upon DEX
at lower doses (0.1 and 0,2 uM), it was dose-dependently
increased by DEX treatment at 0.5-10 M (Fig. 3A). As treat-
ment with DEX at 1 M elicited the most significant impact
on P-gp expression, with no more significant effects observed
at the higher concentrations, this concentration was subse-
quently used in the time course study. As shown in Fig. 3B,
though the intracellular accumulation of Rhodamine 123 was
unchanged at 6 h post-DEX treatment, it was significantly
increased at 12 h and 24 h post-DEX treatment. Consistently,
representative images showing the visualised accumulation of
Rhodamine 123 (analysed by grey value) mirrored the signifi-
cantly increased intracellular accumulation of Rhodamine 123
by DEX treatment (Fig. 3C). Taken together, these results
indicated that the efflux function of P-gp was suppressed by
DEX treatment in LO2 cells.
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Figure 2. Effect of DEX on the expression of genes encoding drug metabolising enzymes and transporters in LO2 cells. Cells were treated with 1 xM of DEX
for 24 h, and the mRNA levels of target genes were determined by q-PCR. The data are presented as the mean = SD (n=3). "‘P<0.05, compared with control.

DEX, dexmedetomidine; MRP, multidrug resistance protein; q-PCR, quantitative polymerase chain reaction; SD, standard deviation.

DEX downregulated the expression of P-gp in a dose- and
time-dependent manner. As shown, the mRNA levels of
P-gp were decreased on DEX treatment in a dose- and
time-dependent manner. After a 24 h incubation with
DEX, the levels were significantly decreased to 76.9%
(P<0.05) and 57.7% (P<0.05) at 0.5 and 1 uM, respectively.
In contrast, the downregulation of P-gp was evident at both
12 and 24 h post-DEX treatment (Fig. 4A). Consistently,
Western blot analysis substantially mirrored the results of the
Q-PCR (Fig. 4B). Moreover, immunofluorescence staining
demonstrated that downregulation of P-gp expression in
L02 cells was evident after DEX treatment (Fig. 4C). Taken
together, these results suggested that DEX downregulated the
expression of P-gp in a dose- and time-dependent manner.

DEX downregulated P-gp expression via AMPK activation.
Possible signalling pathways responding to DEX treatment
were examined by using specific inhibitors, including ERK,
PI3K/Akt, p38, JNK and AMPK. As shown, DEX-induced
elevation of Rhodamine 123 accumulation was significantly
attenuated by pretreatment with an AMPK inhibitor (dorso-
morphin), with no significant impact observed in the other

groups (Fig. SA). Activation of the AMPK pathway in response
to DEX was confirmed by Western blot analysis. As shown,
though no changes in the total amount of AMPK were observed
within the period of time (0, 30, 60, 120, and 180 min), phos-
phorylated levels of AMPK (p-AMPK) were already evident
at 60 min after DEX stimulation and decreased until 180 min
(Fig. 5B). Consistent with the functional assay, pretreatment
with dorsomorphin partially restored the expression of P-gp
at both the mRNA levels and protein levels (Fig. 5C and D).
Collectively, these results suggested that the AMPK pathway
may play a pivotal role in mediating the regulation of P-gp
upon DEX treatment in vitro.

DEX activated the AMPK pathway and induced the nuclear
exclusion of NF-kB. As one of the down-stream proteins of the
AMPK pathway, NF-kB was examined, as early studies indi-
cated that activated NF-xB may accumulate in the nucleolus
and serve as an enhancer of P-gp transcription (22,23). Thus, we
hypothesised that DEX may either reduce the total amount of
NF-«B or alter its subcellular distribution, in turn leading to the
repression of P-gp transcription. First, changes in the subcel-
lular distribution of NF-xB (p65) were examined. As shown
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Figure 3. Effect of DEX on P-gp function in LO2 cells. (A and B) Intracellular accumulation of Rhodamine 123 in LO2 cells. The cells in (A) were treated with
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that showed similar results. DEX, dexmedetomidine; P-gp, p-glycoprotein; SD, standard deviation.
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Figure 4. Effect of DEX on P-gp expression in LO2 cells. (A) P-gp mRNA levels in LO2 cells. Cells were treated with 0.5-1 M of DEX for 12-24 h. Total RNA
was extracted, and the mRNA levels of P-gp were determined by Q-PCR. The data are presented as the mean + SD (n=3). "P<0.05, “P<0.01 compared with
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Figure 5. DEX suppressed the function and expression of P-gp via the AMPK pathway. (A) Intracellular accumulation of Rhodamine 123 in LO2 cells. Cells
were pre-treated with specific inhibitors as described in the ‘materials and methods’. Note that pretreatment with AMPK inhibitor (dorsomorphin) significantly
reduced Rhodamine 123 accumulation in DEX-treated cells. The data are presented as the mean + SD (n=3). "P<0.05, “P<0.01 as indicated. (B) Activation
of the AMPK pathway responding to DEX treatment. The phosphorylation level and total amount of AMPK were examined for the indicated periods.
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in Fig. 6A, though the total amount of NF-xB (p65) was not
changed in the whole cell lysate, it was reduced in the nucleus
but increased in the cytoplasm with DEX treatment over the
period of time, suggesting that NF-kB (p65) translocated from
the nucleus to the cytoplasm in response to DEX treatment.
Importantly, pretreatment with dorsomorphin inhibited AMPK
activation and abolished these changes in the NF-kB distribu-
tion (Fig. 6B). By measuring band intensity, the results revealed
that the relative distribution of NF-«kB in the nucleus shifted
from 68 to 30% upon DEX treatment and returned to baseline
upon AMPK inhibition (Fig. 6C). Taken together, these results
suggested that DEX induced downregulation of P-gp transcrip-
tion through the AMPK-mediated nuclear exclusion of NF-kB.
A schematic representation is shown in Fig. 6D.

Discussion

General anaesthesia is often repeated within a short period of
time with the same anaesthetic agent. Though DEX has been
routinely used for surgical operations, its non-anaesthetic effects
need to be further studied. To date, an area that has not been
fully studied is the effect that DEX may have on hepatic drug
transporters and metabolic enzymes. In this study, we examined

the effect of DEX on the expression of drug transporters,
including P-gp and MRP2/3/4, in LO2 cells and demonstrated
that DEX may suppress the expression of P-gp and impair
P-gp-mediated efflux function in vitro. As P-gp plays a pivotal
role in the hepatic disposition of drugs, this may have potential
clinical significance, as the repeated administration of DEX may
affect drug disposition, drug bioavailability and even drug-drug
interactions in vivo.

In this study, the dosages of DEX ranging from 0.1-10 xM
were referenced to a study conducted by Kharasch et al (24), in
which approximately 2 yM was used to examine its influence
on the metabolism of alfentanil in human liver microsomes
in vitro. As shown, our results revealed no detectable cyto-
toxicity under the dosages ranging from 0.1-10 uM (Fig. 1),
suggesting that changes in the expression of drug transporters
are independent on the cell viability. Importantly however, DEX
elicited dose- and time-dependent inhibitory effects on P-gp
function, consistent with its downregulated expression at both
the mRNA levels and protein levels (Figs. 3 and 4). Interestingly,
these results obtained in vitro are partially in line with a rodent
study conducted previously by Nakazato er al (25), in which
they found that the mRINA expression of P-gp was significantly
decreased in the liver 6 h after DEX administration but returned
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to baseline at 24 h after awakening from the anaesthesia.
Combined with results of Keiko ef al, it suggested that the
effect of DEX on P-gp expression was inducible both in vivo
and in vitro and that this effect may be reversible upon DEX
withdrawal.

To our knowledge, studies that have explored the effect of
DEX on the hepatic expression of P-gp in vitro are limited.
However, one aspect requires comment here. In this study, L02
cells instead of HepG2 cells were used as a model in vitro, as
L02 is a normal human liver cell line that has been approved as
suitable for studying liver function and various non-cancerous
liver diseases in vitro (26-29). For example, Liu et al examined
the effect of synthetic muscone on the expression of the CYP1A2
and CYP3A4 enzymes in LO2 cells, as well as in the liver tissue
of Kunming mice, and demonstrated that muscone can induce
the hepatic expression of CYP1A2 and CYP3A4 both in vitro
and in vivo (29). In this study, we did not use hepatoma-derived
HepG2 cells due to the possibility that the high abundance of
P-gp in this cell line may not reflect the effect of DEX in normal
liver tissue. However, though the expression of P-gp was nearly
undetectable in the total protein extract of L02 cells due to its
relatively low abundance compared with HepG2 cells, it could
be clearly detected in the membrane fractions.

In an attempt to further understand the underlying mecha-
nism, we examined possible signalling pathways that may
mediate the regulation of P-gp upon DEX treatment, including
ERK, PI3K/Akt, INK, p38 and AMPK. These pathways were
examined because: i) Previous studies demonstrated that
DEX may elicit various non-anesthetic effects via these path-
ways (17,30) and ii) these pathways have been reported to be
involved in the regulation of P-gp expression in response to
a variety of extracellular stimuli (31,32). In the present study,
though it lacks statistical significance, it seems that the intracel-
lular accumulation of Rhodamine 123 in LO2 cells was slightly

increased by inhibition of the ERK and PI3K/Akt pathways,
suggesting that these pathways may contribute to the activa-
tion of P-gp expression under normal conditions. In contrast,
elevated Rhodamine 123 accumulation by DEX treatment was
significantly attenuated by AMPK inhibition. Consistently,
the downregulated expression of P-gp was partially restored
at both the mRNA levels and protein levels. These results
suggested that AMPK activation plays a pivotal role in the
regulation of P-gp upon DEX treatment (Fig. 5). Recently, an
increasing number of studies has revealed that NF-«xB is an
important down-stream effector responding to DEX treatment,
contributing to a variety of DEX-associated physiological or
pharmacological actions in hepatocytes (8,33). In contrast, it has
also been shown to play a critical role in P-gp expression as a
transcriptional enhancer (34,35). In this study, though the total
amount of NF-xB remained stable, its subcellular distribution
was significantly altered upon DEX treatment. Importantly, this
alteration seems to be associated with AMPK activation, as it
was significantly abolished by blocking the AMPK pathway
(Fig. 6). Taken together, we propose that DEX activates the
AMPK pathway, which in turn induces nuclear exclusion of
NF-«kB. As a result, NF-«xB loses its transcriptional activity on
P-gp, leading to the downregulation of P-gp and impaired P-gp
efflux function.

In conclusion, this study revealed an important
non-anaesthetic effect of DEX on the expression of hepatic P-gp,
which demonstrated that DEX may impair P-gp-mediated efflux
function in LO2 cells via the AMPK/NF-«B pathway. Because
DEX is currently widely used as a preoperative anaesthetic, this
study provided direct evidence that the expression and function
of drug transporters may be affected by DEX treatment;
therefore, the changes in drug deposition, drug bioavailability
and drug-drug interaction should be taken into consideration for
the patients receiving DEX administration.
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