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Abstract: Background: Opioids are widely used in pain management, acting via opioid receptors 
and/or Toll-like receptors (TLR) present at the central nervous system (CNS). At the blood-brain 
barrier (BBB), several influx and efflux transporters, such as the ATP-binding cassette (ABC)  
P-glycoprotein (P-gp, ABCB1), Breast Cancer Resistance Protein (BCRP, ABCG2) and multidrug 
resistance-associated proteins (MRP, ABCC) transporters, and solute carrier transporters (SLC), are 
responsible for the transport of xenobiotics from the brain into the bloodstream or vice versa. 

Objective: ABC transporters export several clinically employed opioids, altering their neuro- 
pharmacokinetics and CNS effects. In this review, we explore the interactions between opioids  
and ABC transporters, and decipher the molecular mechanisms by which opioids can modify their 
expression at the BBB.  

Results: P-gp is largely implicated in the brain-to-blood efflux of opioids, namely morphine and 
oxycodone. Long-term exposure to morphine and oxycodone has proven to up-regulate the expres-
sion of ABC transporters, such as P-gp, BCRP and MRPs, at the BBB, which may lead to increased 
tolerance to the antinociceptive effects of such drugs. Recent studies uncover two mechanisms by 
which morphine may up-regulate P-gp and BCRP at the BBB: 1) via a glutamate, NMDA-receptor 
and COX-2 signaling cascade, and 2) via TLR4 activation, subsequent development of neuro- 
inflammation, and activation of NF-κB, presumably via glial cells. 

Conclusion: The BBB-opioid interaction can culminate in bilateral consequences, since ABC 
transporters condition the brain disposition of opioids, while opioids also affect the expression of 
ABC transporters at the BBB, which may result in increased CNS drug pharmacoresistance. 

Keywords: Blood-brain barrier, opioids, ABC transporters, P-glycoprotein, neuroinflammation, TLR4. 

1. INTRODUCTION 

1.1. Opioids: General Considerations on Central Proper-
ties and Therapeutic Applications 

 Opioids represent a class of compounds endowed with 
potent analgesic properties, and thus are generally used to 
treat moderate to severe acute or chronic pain, and are 
among the most effective drugs available for pain manage-
ment [1]. Morphine and codeine are the best-known opiate 
alkaloids, naturally occurring in opium. The semi-synthetic 
derivatives, oxycodone, hydrocodone, buprenorphine and 
heroin, and full synthetic opioids, such as tramadol and  
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methadone, were developed given the interest of their phar-
macological properties, and therapeutic value. However, 
their long-term use is generally compromised by the  
prevalence of undesirable side effects involving the central 
nervous system (CNS) and gastrointestinal system, with de-
velopment of analgesic tolerance, physical dependence, and 
severe withdrawal symptoms when opioid administration is 
suspended [2]. The development of opioid addiction consists 
in craving accompanied by the development of tolerance and 
the resulting drug intake escalation to accomplish the origi-
nal effect. The escalated drug use enhances the negative 
emotional symptoms of abstinence, which in turn results in 
profound dysphoria, irritability, sleep disturbances, anxiety 
and pain. Craving often precedes somatic signs of with-
drawal, and it relates with obtaining the drug and anticipa-
tion of its rewarding effects, as well as with anticipation of 
the aversive effects of withdrawal. Consequently, it is expe-
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rienced as a need to obtain and take the drug to avoid the 
severe dysphoria, discomfort, and psychic stress experienced 
during withdrawal and abstinence [3, 4]. 

 The pharmacological properties of opioids result from 
their interaction with opioid receptors and their multiple sub-
types [5-8]. Because opioid receptors are widely distributed 
throughout the entire CNS, opioids may exert their antinoci-
ceptive activity through different mechanisms [9]. To date, 
four major opioid receptors families have been identified and 
cloned, and each has unique central pharmacological actions: 
μ (mu, MOR), κ (kappa, KOR), δ (delta, DOR), and noci-
ceptin or orphanin (NOP) receptor [10]. Central μ-opioid 
receptors are primarily responsible for the analgesic effects 
of opioids with less severe side effects, and thus remain the 
primary choice in the clinical setting. To date, there is scarce 
data on the expression of opioid receptors in brain endothe-
lial cells that constitute the blood-brain barrier (BBB). Nev-
ertheless, there is evidence of the presence of μ3-opioid re-
ceptors in human arterial and rat microvascular endothelial 
cells providing specific binding of morphine to endothelial 
cells [11]. Newborn piglet brain vascular endothelial cells 
exposed to either morphine or naloxone had led to the pro-
duction of opposite effects on endothelin-1 levels [12], sug-
gesting that these effects are mediated by opioid receptors. 
The presence of the NOP opioid receptor in the rat brain 
microvascular endothelium has also been identified [13]. 

 More recently, opioids also evidenced to have direct af-
finity to pattern-recognition Toll-like receptors (TLRs), 
mainly TLR4 [14-17] along with its co-receptor myeloid 
differentiation factor-2 (MD-2), which modulate the opioid 
neuronal reinforcement and reward system. TLR4 is princi-
pally found in microglia [18], and its activation induces the 
production and release of pro-inflammatory cytokines, such 
as interleukin-1β (Il-1β) and tumor necrosis factor-α (TNF-
α) [19]. Activation of the TLRs by opioid agonists also trig-
gers opioid-specific inflammatory processes, through micro-
glia [20, 21] and astrocyte activation [22, 23], suggesting 
that pro-inflammatory immune signaling via TLRs may rep-
resent a key role in opioid antinociception, tolerance and 
dependence phenomena [20, 24]. Blockade of TLRs, namely 
TLR2 and TLR4, showed to attenuate allodynia and hyper-
algesia, and to improve opioid analgesia effectiveness [25, 
26], which suggests that they may be a putative target for 
future pharmacological pain relief, especially when the effect 
of morphine is tolerated. While opioid-induced signaling has 
been argued to occur via glial TLRs activation [27], it is con-
troversial whether brain endothelial cells also express these 
receptors [28-31]. Nevertheless, some studies show func-
tional TLR expression in rat and human brain endothelial 
cells of the BBB, in particular TLR2, TLR3, TLR4 and 
TLR6 [30, 32]. Rat brain endothelial cells evidenced to ex-
press TLR4 mRNA, which showed to mediate lipopolysac-
charide (LPS)-induced TNF-α mRNA up-regulation [32]. 

 In order to exert their effects on either classic opioid or 
TLR receptors, opioids must cross the BBB to reach the 
CNS. Such opioid effects likely result in the modulation of 
neuronal, glial and neurovascular functioning. The conse-
quences at the neurovascular level, in particular, may repre-
sent a change of the BBB properties, and thus of the pharma-
cokinetics and brain distribution of drugs. 

2. NEUROPHARMACOKINETICS OF OPIOIDS: 
TRANSPORT AT THE BLOOD-BRAIN BARRIER 

 The BBB is the largest CNS interface for blood and brain 
exchange, and it exerts its barrier function at three different 
levels: (1) physical, through the extensive expression of tight 
junctions along adjacent endothelial cells, reducing the 
paracellular pathway, (2) transporter-dependent passage, due 
to the existence of specific transport mechanisms mediating 
solute flux, and (3) metabolic, given that enzymes present in 
the endothelium are capable of processing molecules in tran-
sit [33]. The neurovascular coupling at the BBB level allows 
the maintenance of brain homeostasis and protection of the 
CNS from toxins, pathogens, inflammation, injury, and dis-
ease, given the association of brain endothelial cells with 
various perivascular cells such as pericytes, microglia, astro-
cytes, and specialized extracellular compartments such as the 
endothelial glycocalyx and basal lamina [34]. In this way, 
the BBB plays a crucial role by exerting a bi-directional con-
trol over the passage of a large diversity of regulatory pro-
teins, nutrients and electrolytes, as well as potential neuro-
toxins, maintaining a strict extracellular environment around 
synapses and axons. 

 At the BBB, several ATP-binding cassette (ABC) trans-
porters participate in the efflux of xenobiotics and small 
compounds from the brain into the bloodstream, constituting 
key elements in controlling the brain penetration of many 
drugs and their CNS effects [33, 35, 36]. Their importance 
relies essentially on the following critical features: its local-
ization in the luminal plasma membrane of brain paren-
chyma endothelial cells, the potent efflux against the sub-
strate concentration gradient, and a very low substrate speci-
ficity, transporting a large number of structurally unrelated 
compounds [37]. To date, 49 genes encoding ABC transport-
ers have been identified and divided into seven different sub-
families, A-G, based on their amino acid sequence similari-
ties and evolutionary divergence [38, 39]. The ABCB, 
ABCC and ABCG subfamilies comprise the transporters 
involved in the cellular efflux of xenobiotics [40]. Knowing 
which ABC transporters are involved in the transport of 
opioids and their metabolites is clinically important to better 
understand the mechanisms responsible for inter-individual 
variability during pain treatment. P-glycoprotein (P-gp, 
ABCB1, MDR1), Breast Cancer Resistance Protein (BCRP, 
ABCG2), Multidrug Resistance-associated Proteins MRP4 
(ABCC4) and MRP5 (ABCC5) have been identified as the 
main ABC transporters from B, G and C subfamilies at the 
luminal membrane of brain cortex endothelial cells of the 
human BBB [41-43]. Present evidence suggests P-gp con-
tributes to the active brain-to-blood efflux of opioids at the 
BBB and, thus, to the development of a central tolerance. At 
a much lesser extent, other ABC transporters, such as BCRP 
and a few MRPs, were also reported to be implicated in brain 
transport of opioids. Table 1 summarizes a list of the ABC 
transporters and their respective opioid substrates described 
to present date. 

2.1. P-glycoprotein 

 P-gp is considered one of the major constituents of the 
BBB in restricting the disposition of several opioids in the 
brain [44]. The interaction of P-gp with natural and synthetic 
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opioids was first reported in 1993 [45]. Since then, P-gp-
mediated efflux of opioids at the BBB has been demon-
strated using in vitro and in vivo approaches [46-52]. 

2.1.1. Morphine and Metabolites 

 Morphine represents the most studied interaction be-
tween opioids and ABC transporters [49, 53-55]. The first 
time morphine was identified to be a P-gp substrate was in 
vitro through the use of radiolabeled morphine across MDR 
cells [45, 56]. Morphine was found to be a weak P-gp sub-
strate in Caco-2 [57], and L-MDR1 [58] cells, which showed 
an efflux:influx ratio of 1.5. In vitro studies on morphine 
transport in LLC-PK1 cells transfected with human or rodent 
P-gp confirmed the presence of P-gp-mediated transport of 
morphine, although marginal [49, 58]. Morphine was also 
shown to be a P-gp substrate in vivo, since P-gp knockout 
mice evidenced 1.7-fold higher brain levels of morphine than 
wild-type mice [49]. Subsequent in vivo studies in rodents 
showed that the inhibition of P-gp with either elacridar [46] 
or verapamil [59] resulted in significantly augmented antino-
ciceptive effects following morphine administration. Re-
cently, a similar study conducted in mice co-perfused with 
morphine and the P-gp inhibitor valspodar (PSC-833) re-
sulted in a 1.5-fold increase of morphine transport rate across 
the BBB, accompanied by an increase in the effect and dura-
tion of the antinociceptive response [60]. Furthermore, mor-
phine-induced hyperlocomotion was 2.6-times greater in 
valspodar-versus vehicle-pretreated animals [60]. Brain mi-
crodialysis and in situ brain perfusion studies performed us-
ing P-gp knockout mice also corroborated these data, show-
ing that morphine is transported across the BBB by P-gp [50, 
61]. Similarly, morphine showed greater antinociception in 
P-gp knockout mice than in wild-type mice, where knockout 
mice had an ED50 more than 2-fold inferior to that of wild-
type mice [51, 55]. Groenendaal et al. evidenced that mor-
phine brain distribution is essentially determined by 1) lim-
ited passive diffusion across the BBB, 2) active efflux at the 
BBB, which is reduced by 42% when P-gp is inhibited, and 
3) low active uptake capacity [62], demonstrating that P-gp 
modulates the brain distribution of morphine within the bio-
phase and so helps delay and decrease its CNS effect. It was 
also demonstrated that the variability of P-gp expression in 
the brain cortex of mice and the analgesic effect of morphine 
were correlated [63]. Furthermore, this study demonstrated a 

negative correlation between the expression of P-gp or its 
ATPase activity and the antinociceptive effect of morphine, 
suggesting that the inter-individual variability of the mor-
phine effect could be due to a difference in the expression 
and/or function of P-gp in the brain [63]. 

 The assessment of morphine efflux transport at the BBB 
and its CNS effects has also been conducted in humans. A 
study conducted in healthy human volunteer subjects, pre-
treated with quinidine, an antiarrhythmic drug that inhibits 
P-gp, showed that when morphine was given intravenously 
they did not experience enhanced CNS opioid effects [64], 
whereas when morphine was given orally, human volunteers 
showed sustained increased plasma concentrations in com-
parison to those only treated with morphine [54]. These re-
sults suggest that P-gp plays a role in orally administered 
morphine, probably by interfering with its intestinal absorp-
tion rather than by enhancing morphine BBB efflux. How-
ever, a clinical study also conducted in humans demonstrated 
that P-gp inhibition by valspodar did not significantly alter 
the pharmacokinetic and pharmacodynamic profile of mor-
phine [65]. Inter-individual variability in the pain relief of 
patients with cancer has been associated with variants of the 
ABCB1 gene that alter the expression and/or activity of P-gp 
[66, 67], evidencing the role of P-gp on the transport of mor-
phine across the BBB. Pain relief variability in patients un-
dergoing morphine therapy was shown to be significantly 
associated to the single nucleotide polymorphism (SNP) 
C3435T of ABCB1 [66]. Homozygous TT patients demon-
strated to have higher risk of persistent pain than wild-type 
CC patients [68]. 

 Morphine extensive hepatic first-pass metabolism and 
systemic clearance [69, 70] produces morphine-3-glucuronide 
(M3G), its main metabolite (45-55%), and morphine-6-
glucuronide (M6G) to a lesser extent (10-15%) [71]. M3G 
has limited affinity to opioid receptors with no analgesic 
activity [72] but is responsible for some morphine side ef-
fects such as opioid-induced hyperalgesia, via its interaction 
with TLR4 receptors [73, 74], whereas M6G demonstrated to 
greatly contribute to the analgesic effect of morphine, re-
gardless the route of administration [75]. P-gp role on the 
brain-to-blood efflux of M6G seems controversial. In vitro 
studies first suggested that M6G is a substrate of P-gp [76, 
77]. Also, P-gp inhibition with valspodar was shown to pro-

Table 1. List of known possible interactions up to recent days between several opioid derivatives and ABC transporters. 

Interaction with P-gp Opioids 

Substrates 
Morphine [46-49, 54, 55, 59], loperamide [87-91], desmethyl-loperamide [90, 93], norbuprenorphine [96, 98], buprenorphine [97], 

methadone [45, 55, 56, 109-114], oxycodone [101], meperidine [45, 56], fentanyl [55, 89, 103, 104], alfentanyl [108], tramadol 
[196], pentazocine [197], and deltorphin II, DPDPE, naltrindole, SNC 121, bremazocine and U-69593 [89] 

Inhibitors Methadone [45, 96, 109, 165], butorphanol [198] 

Inducers Morphine [150, 151, 159-162, 179], oxycodone [101, 163] 

Interaction with MRPs Opioids 

Substrates Morphine [127], morphine-3-glucuronide [126], morphine-6-glucuronide [126], oxymorphone [127] 

Inducers Morphine [151] 
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voke a 3-fold increase on the interstitial spinal cord levels of 
M6G and enhanced antinociception following M6G i.v. infu-
sion in rats [78]. Still, further in vivo studies performed in 
mice do not provide evidence that P-gp is able to affect M6G 
transport [79, 80]. Furthermore, the pharmacokinetic and 
pharmacodynamic profile of M6G was not modified when P-
gp was inhibited by the administration of valspodar in 
healthy human volunteers [65], and thus M6G is unlikely a 
P-gp substrate. 

2.1.2. Heroin 

 Heroin has a higher pharmacological potency than mor-
phine [81], which has long been attributed to its greater lipo-
philic properties, facilitating the passage through the BBB 
[82]. However, after systemic administration, heroin is 
quickly metabolized into 6-monoacetyl-morphine (6-MAM) 
and morphine [83, 84]. In fact, 6-MAM displays a higher 
affinity than morphine for μ-opioid receptors [82, 83], and 6-
MAM brain concentrations proved to be higher than those of 
heroin following a s.c. injection of heroin into mice [85]. 
Consequently, 6-MAM is likely the metabolite responsible 
for the acute effects of heroin, which is consistent with its 
relatively easy BBB crossing from the blood to the brain, 
resulting in high 6-MAM brain levels [86]. A recent study 
conducted by Seleman et al. evidenced that 6-MAM readily 
cross the BBB, reaching the brain 35 times faster than mor-
phine and 1.8 times slower than heroin, and that inhibition of 
P-gp did neither impact on the brain uptake of heroin and 6-
MAM, nor affect the acute behavioral or transcriptional ef-
fects of heroin in mice [60]. Therefore, neither heroin nor its 
major metabolite 6-MAM are P-gp substrates. 

2.1.3. Loperamide 

 Loperamide, a potent opioid receptor agonist, was one of 
the first drugs that illustrated the impact of P-gp on the 
bioavailability of CNS-acting drugs. In fact, this opioid has 
only an antidiarrheal effect and shows lack of CNS effects in 
P-gp-competent animals, due to its poor absorption in the 
intestine and limited BBB penetration. P-gp-deficient mice 
exhibited increased loperamide brain accumulation and cen-
tral opioid-like effects, in comparison to wild-type animals 
[87]. Furthermore, when loperamide was co-administered 
with quinidine, a P-gp inhibitor, it produced respiratory de-
pression due to enhanced CNS exposure [88]. The influence 
of P-gp on the brain efflux of loperamide was further con-
firmed by in situ brain perfusion in mice [89]. Despite its 
favorable physicochemical properties and a chemical struc-
ture similar those of other opioids, P-gp greatly limits the 
brain distribution of loperamide, which allows it to act selec-
tively on opioid receptors of the intestinal tract, conferring 
ideal antidiarrheal properties with no CNS effects in normal 
clinical practice. Radiolabelled 11C-loperamide has been 
used as a positron emission tomography (PET) probe to 
evaluate the role of P-gp transport activity at the BBB [90, 
91]. P-gp inhibition by tariquidar resulted in a 3-fold in-
crease in brain radioactivity after an i.v. injection of 11C-
loperamide in monkeys [92]. 11C-N-desmethyl-loperamide 
has been used as a substitute of 11C-loperamide in the study 
of the function of P-gp at the human BBB by PET, since 
loperamide is rapidly metabolized in vivo, and this metabo-
lite is also an avid P-gp substrate [90, 93]. 

2.1.4. Buprenorphine 

 Buprenorphine, widely used as a maintenance treatment 
for opioid addiction in combination with the opioid receptor 
antagonist naloxone, is extensively and rapidly metabolized 
in humans to its active metabolite norbuprenorphine [94]. 
Buprenorphine was not shown to be a P-gp substrate in ei-
ther MDCKII-MDR1 or Caco-2 cells, nor in an in vivo 
transport study using P-gp-deficient mice [95, 96]. Neverthe-
less, a study conducted in rats demonstrated that P-gp inhibi-
tors, such as cyclosporine A, quinidine and verapamil, en-
hanced the apparent brain uptake of buprenorphine by 1.5-
fold, and thus suggesting P-gp-mediated efflux of buprenor-
phine at the BBB [97]. Unlike buprenorphine, norbuprenor-
phine has been demonstrated to be a gold-standard P-gp sub-
strate in a bidirectional transport assay conducted in 
MDCKII-MDR1 cells [96]. This was further confirmed in 
mice, where P-gp demonstrated to play a protective role 
against the buprenorphine-related respiratory effects, since 
either valspodar administration or P-gp knockout mice re-
sulted in decreased norbuprenorphine efflux at the BBB, 
accompanied by an exacerbation of buprenorphine and nor-
buprenorphine-respiratory effects [98]. 

2.1.5. Oxycodone 

 Oxycodone is an opioid agonist also used to treat moder-
ate to severe pain, with a pain-relieving effect similar to that 
of morphine [99]. Regarding its interaction with P-gp, in 
vivo studies conducted in rats co-treated with oxycodone and 
the P-gp inhibitor valspodar indicated that it did not alter its 
plasma pharmacokinetics, total brain concentrations, nor its 
antinociceptive effect, suggesting that it may not represent a 
P-gp substrate [100]. Still, a study using the Caco-2 cell line 
where P-gp was inhibited using verapamil suggested that this 
opioid worked as a P-gp substrate [101]. Also, it showed that 
the brain concentrations of oxycodone were significantly 
higher in P-gp knockout mice than in control mice [101], 
indicating that oxycodone is a substrate of both mice and 
human P-gp. Thus, the interaction of oxycodone as a P-gp 
substrate remains a matter of debate. 

2.1.6. Meperidine and Fentanyl Derivatives 

 Meperidine and fentanyl are strong, short acting μ-opioid 
agonist analgesics, while the fentanyl derivatives, alfentanyl 
and sufentanyl, with shorter half-lives and potency, are  
more suitable for anesthesia and rapid adjustment of re-
sponse during i.v. infusion. Meperidine was shown to be a P-
gp substrate in vitro [45, 56], but studies performed using P-
gp knockout mice did not reveal greater antinociceptive ef-
fects of meperidine compared to wild-type animals [55, 89, 
102], indicating that it does not represent a P-gp substrate in 
vivo. Increased antinociception was registered in P-gp-
deficient mice following the administration of fentanyl [55]. 
The analgesic effects of fentanyl were also increased when 
mice were co-treated with the P-gp inhibitors cyclosporine 
and valspodar [103, 104]. In line with these data, in situ 
brain perfusion studies indicated P-gp-mediated BBB efflux 
of fentanyl in mice [89]. Clinical studies revealed that the 
plasma concentrations of oral fentanyl increased when co-
administered with quinidine [105], which should interfere 
with intestinal P-gp or other quinidine-sensitive metabolizing 
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enzymes and/or transporters of fentanyl. Still, controversial 
data has been generated regarding the role of P-gp in the 
transport of fentanyl, since some studies have reported that 
fentanyl does not behave as a P-gp substrate [58, 106]. In 
another study, the ABCB1 SNPs 2677G>T/A and 3435C>T 
did not show to contribute to the variability of the analgesic 
response to fentanyl [107]. On the other hand, alfentanyl and 
sufentanyl have not been identified to be P-gp substrates in 
in vitro studies. P-gp inhibitor elacridar did not affect the 
transport of any of these fentanyl derivatives when using 
MDCKII-MDR1 cells or Caco-2 cells [58]. Nevertheless, in 
vivo studies conducted in P-gp knockout mice identified an 
influence of P-gp on the alfentanyl brain concentrations and 
its antinociceptive effects [108]. 

2.1.7. Methadone, Naloxone and Naltrexone 

 Likewise, the determination of P-gp substrate activity of 
methadone has been studied using in vitro and in vivo stud-
ies, but their interaction remains controversial. In vitro stud-
ies using intestinal [109, 110], placental [111] and BBB [45, 
56] models demonstrated that methadone is a substrate of P-
gp. Corroborating such results, increased antinociception 
was registered in mice lacking P-gp and in rats treated with a 
P-gp inhibitor, following the administration of methadone 
[55, 112, 113]. Its transport by P-gp in rodents is signifi-
cantly stereo-selective, favoring the transport of the (+)S-
enantiomer [112], but this lacked confirmation in human 
MDR1 cells [96]. P-gp-mediated efflux showed to signifi-
cantly limit methadone absorption at the human intestinal 
barrier [114], which may allow inter-individual differences 
in the amount of P-gp throughout the intestinal epithelia to 
influence the bioavailability of methadone taken orally. 
Also, the SNP P-gp variant c.1236C>T [115], but not the 
c.3435C>T variant [115, 116], was shown to be linked with 
a higher methadone dose requirement to prevent withdrawal 
symptoms and relapse in heroin dependent patients, suggest-
ing that specific ABCB1 variants may have clinical rele-
vance by influencing the methadone absorption and distribu-
tion. A study conducted in healthy volunteers also demon-
strated that cyclosporine A, an inhibitor of P-gp, signifi-
cantly alters the pharmacokinetics of methadone given orally 
and intravenously, but it failed to improve its clinical effects 
(such as miosis) and overall pharmacodynamics [117], un-
like what was previously registered for morphine [118]. This 
suggests that there is little to no role for P-gp in mediating 
methadone brain access and pharmacodynamics in humans. 
Such contrasting results between rodent and human models 
regarding the effect of lack or inhibition of P-gp on the 
methadone-related clinical effects may result from the inter-
individual variability, but also from the now well-recognized 
interspecies difference in the expression of ABC transporters 
at the BBB, as it is the case of P-gp [119]. 

 In what concerns opioid antagonists and their interaction 
with P-gp, naloxone and naltrexone have been reported to 
not act as P-gp substrates [120, 121]. Whereas naltrexone is 
mostly given orally, naloxone is administered intravenously 
or nasally due to its poor oral bioavailability. However, P-gp 
is not responsible for this different oral bioavailability be-
tween the two opioid antagonists, since naloxone did not 
show to be a P-gp substrate neither when using Caco-2 cells 

[122] nor MDCK-MDR1 cells [120]. Structure-activity rela-
tionship studies later corroborated these findings [123]. 

2.2. ABCC Transporters 

 The ABCC (MRP) subfamily of ABC transporters, 
known to be implicated in the transport of endogenous com-
pounds such as inflammatory mediators like prostaglandins 
and leukotrienes [124], is also associated with drug resis-
tance and with a wide spectrum of substrates [40, 125]. This 
subfamily has also been implicated in the brain efflux clear-
ance of opioids. It was demonstrated that MRP3 transports 
M3G and M6G in vitro, and that Mrp3-deficient mice were 
unable to export M3G from the liver into the bloodstream, 
resulting in a major alteration in the pharmacokinetics of 
morphine and M3G [126]. Lack of Mrp3-driven efflux de-
creased their plasma concentration, and indirectly affected 
morphine brain concentrations and antinociceptive effects. 
More recently, it was revealed that Mrp1 also has a role in 
the brain disposition of morphine and oxymorphone, given 
that its antisense down-regulation or Mrp1 knockout, in rat 
and mouse models respectively, resulted in decreased brain-
to-blood transport when injected i.c.v., accompanied by an 
increased systemic potency of both drugs [127]. Given the 
evident expression of this transporter at the choroid plexus 
[128, 129], but not at the BBB [42, 130, 131], loss of Mrp1 
expression in choroid plexus may decrease the efflux of 
morphine and oxymorphone from the CSF into the blood-
stream, enhancing their levels in the brain and thus their an-
algesic activity. 

 Nonetheless, the role of ABC transporters in the altera-
tion of the pharmacokinetics and pharmacodynamics of the 
listed opioids presented as a result of studies conducted in 
preclinical species should be carefully interpreted and not 
easily extrapolated to humans. In fact, a significant interspe-
cies difference among small and larger species has been ob-
served between the levels of expression of the two major 
drug efflux transporters, P-gp and BCRP: P-gp is the more 
abundant of the two transporters in the rodent BBB, whereas 
BCRP is more abundant than P-gp in the monkey and human 
BBB [119]. Therefore, whenever the transport of P-gp is 
affected in rodents, it is expected to observe greater conse-
quences on the pharmacokinetics and pharmacodynamics of 
P-gp-transported opioids than in humans. 

2.3. Influx Transport of Opioids at the BBB 

 As previously mentioned, morphine, the leader molecule 
among opioids for the treatment of both severe acute and 
chronic pain management, is well absorbed at the gastroin-
testinal tract [71], but suffers extensive hepatic first-pass 
metabolism into morphine glucuronides [69, 70]. Since, 
M3G does not exhibit analgesic properties, pain-relieving 
effects are mainly due to the interaction of both morphine 
and M6G with centrally-located µ-opioid receptors. Mor-
phine and M6G can be distributed within the brain cerebro-
spinal, intra- and extracellular fluids by diffusion or by sev-
eral transporters located at the different brain interfaces. 
Among these transporters are the probenecid-sensitive trans-
porters [132, 133], contributing to the neuropharmacokinet-
ics and CNS effects of opioids. M6G has been shown to have 
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a potent analgesic activity, with less marked respiratory de-
pressive effects than morphine. However, following systemic 
administration, M6G analgesic power is markedly lower than 
morphine [134], presumably due to its considerably lower 
brain penetration as a consequence of its higher molecular 
weight and hydrophilicity [135-139]. Nevertheless, M6G 
uptake transport at the BBB has been suggested to occur but 
at low rate, presumably via Glut-1 and a digoxin-sensitive 
transporter, such as the organic anion-transporting polypep-
tide 2 (Oatp2) [77, 80]. 

 Oxycodone exhibits a similar analgesic potency to that of 
morphine [99], despite its lower affinity to opioid receptors 
[140]. This is due to a carrier-mediated influx of oxycodone 
at the BBB since its BBB influx clearance is close to brain 
blood flow, regardless its relatively low lipophilicity [141]. 
Consequently, oxycodone unbound concentrations proved to 
be 3 times higher in the brain than in the blood, following a 
120 min constant i.v. infusion in rats [141]. A competitive 
inhibition between opioids, like oxycodone and diphenhy-
dramine, pyrilamine, or clonidine, has been identified at the 
BBB both in vitro and in vivo, suggesting that these com-
pounds share the same uptake transporter, presumably a pro-
ton-coupled antiporter for organic cations that has not yet 
been molecularly identified but functionally described to 
transport these compounds [142-145]. Some results based on 
trans-stimulation experiments conducted in mice suggested 
that similarly to oxycodone, heroin, tramadol and metha-
done, but not morphine, could also be substrates of this 
drug/proton-coupled antiporter [146]. 

 Therefore, the polarized expression of numerous trans-
porters, both of influx or efflux, at the BBB level determines 
the brain entrance and distribution of opioids and their thera-
peutic effects, and contributes to the understanding of the 
pharmacokinetic-pharmacodynamic relationships of opioids. 
Consequently, any modulation of the expression and/or ac-
tivity of these transporters will have an impact on the effect 
of opioids actively transported at the BBB. In this review, we 
will give particular emphasis to how opioids can modulate 
the efflux transport carried by ABC transporters at the BBB. 

3. INFLUENCE OF OPIOIDS ON THE BBB 

 The pharmacokinetics of opioids can be modified by the 
inhibition and/or induction of different transporters and 
drug-metabolizing enzymes that usually play a role in the 
disposition of these compounds, many of them being present 
at the BBB. The fact that opioids may exert an influence on 
the expression of proteins specifically present at the BBB is 
of great interest, given existing data suggesting a possible 
correlation between the BBB modulation and the develop-
ment of tolerance to opioids. 

 Data regarding the influence of opioids on the BBB is 
still limited. However, some studies showed that morphine is 
able to modify certain features of the BBB, especially its 
permeability characteristics. A significant increase of the 
brain concentration of sodium fluorescein, used as a perme-
ability marker, was shown following an acute s.c. or i.c.v. 
morphine administration in mice [147]. This increased per-
meability was inhibited by the administration of naloxone, 
suggesting that the μ-opioid receptors are involved in the 

morphine-mediated modifications of the BBB permeability. 
More recently, it the effect of a morphine chronic treatment 
on the BBB permeability to large molecule tracers, such as 
Evans blue, albumin and radioiodine, was investigated in 
several rat brain regions [148]. Morphine was given via i.p. 
daily for 12 days at a dose of 10mg/kg, and such treatment 
caused no significant BBB opening on the 12th day of mor-
phine exposure. On the other hand, spontaneous withdrawal 
of morphine on day 1 after treatment suspension resulted in 
profound stress symptoms, which were much more intense 
on the second day of morphine withdrawal. During morphine 
withdrawal, a marked increase in the BBB permeability to 
these protein tracers was seen in several regions of the brain, 
and this was more evident in the second day of morphine 
withdrawal [148]. These findings suggest that morphine, its 
associated withdrawal syndrome, and the subsequently pro-
voked stress are capable to modify BBB integrity. 

 Another study demonstrated that an acute morphine in-
jection did not alter blood-to-brain transport of IL-1α, IL-2 
or TNF-α, whereas both spontaneous and precipitated mor-
phine withdrawal following a chronic morphine treatment 
had increased blood-to-brain transport of IL-2, with no 
change in blood-to-brain transport of IL-1α or TNF-α [149]. 
The permeability of the BBB to IL-2 is usually dominated by 
brain-to-blood efflux, with only limited blood-to-brain trans-
port. With this study it was found that chronic morphine and 
withdrawal from morphine did not alter brain-to-blood ef-
flux, but induced a novel saturable blood-to-brain transport 
system [149]. 

 Treatment of a primary culture of human brain microves-
sel endothelial cells with both morphine and the HIV-1 tat 
viral protein induced the release of pro-inflammatory cytoki-
nes, which can trigger common intracellular pathways to 
regulate tight junction protein expression, and, consequently, 
the structural and the functional integrity of the BBB [150]. 
Treatment of these cells with a combination of morphine and 
tat resulted in a significant decrease in the tight junction pro-
tein ZO-1 and occludin gene expression in comparison to 
untreated control cells. Morphine alone and in combination 
with tat also increased the junctional adhesion molecule 
JAM-2 gene expression. 

 A study conducted in rats involving a chronic 5-day 
treatment with morphine registered an impact on the expres-
sion of several genes encoding for proteins critically in-
volved in the maintenance of BBB properties, such as junc-
tion proteins, influx and efflux transporters [151]. The ex-
pression of occludin registered a slight increase (1.23-fold 
induction) in isolated brain microvessels of morphine-treated 
rats in comparison to control rats [151]. However, the induc-
tion of this gene did not seem to have an effect on BBB 
tightness, as morphine-treated and saline-treated animals did 
not register any difference in terms of the brain accumulation 
of radiolabeled sucrose, which was used as a marker of BBB 
integrity [151]. 

3.1. Focus on the Regulatory Role of Opioids on the  
Expression of ABC Transporters 

 Among the several mechanisms that have been proposed 
to be implicated in the development of tolerance to opioid 
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analgesia, the alteration of the brain-to-blood efflux of 
opioids, namely the up-regulation of some ABC transporters 
has been an emerging one. The expression and/or activity of 
ABC transporters can be inhibited or induced by other drugs 
and/or xenobiotics that are often co-administered with opioids, 
resulting in an alteration in the CNS-driven effects of 
opioids. There is current evidence that several ligand-activated 
receptors such as the pregnane X receptor (PXR) [152, 153], 
constitutive androstane receptor (CAR) [154], aryl hydrocar-
bon receptor (AhR) [155], vitamin D receptor (VDR) [156] and 
glucocorticoid receptor (GR) [157], to which many highly 
prescribed drugs, dietary constituents, and nutraceuticals are 
ligands, are able to increase P-gp expression at the BBB. The 
expression of MRPs at the BBB has also been demonstrated 
to be target of modulation in the context of different neuro-
logical disorders and pathological conditions [158]. 

 Yet, the expression and activity of ABC transporters can 
be modulated by the opioid itself. There are a few studies 
that evidenced that morphine is able to influence the expres-
sion and activity of ABC transporters. In 2000, a chronic 
administration of morphine in rats resulted in decreased anti-
nociceptive response, which was accompanied by a 2-fold 
increase in P-gp protein expression in whole brain homogen-
ates [159]. Rats subjected to a 5-day treatment with mor-
phine received morphine at 10mg/kg in the first 2 days, and 
20mg/kg in the last 3 days of treatment, which resulted in a 
decrease of the antinociceptive effect of morphine. It was 
hypothesized that the registered P-gp up-regulation was an 
important cause for the enhanced morphine efflux from the 
brain, and, thus, reducing its pharmacological activity and 
contributing to the development of morphine tolerance [159]. 
A similar study was later conducted in 2003 by Zong and 
Pollack, who demonstrated that mice treated with morphine 
for 3 days showed a 1.4-fold increase in the P-gp expression 
in comparison to control mice [160]. In 2004, a study ex-
plored the effect of short-term (72 h) morphine exposure on 
the P-gp expression of several human cancer cell lines and of 
the mouse fibroblast NIH-3T3 cell line, as well as its effects 
on cellular resistance to the known P-gp substrates, vin-
blastine and colchicine [161]. This study has shown that the 
P-gp regulation may be cell-type dependent, as the morphine 
treatment induced P-gp expression in the mouse fibroblast 
cell line, but not in any of the tested human cancer cell lines. 
ABCB1 gene expression was also reported to increase in hu-
man brain microvessel endothelial cells when exposed to 
either morphine (100 nM) or the HIV-1 tat protein, either 
alone or in combination [150]. 

 A chronic treatment with morphine for 5 days was able to 
increase the mRNA levels of several ABC efflux transport-
ers, namely Mdr1a, Bcrp but also of Mrp1, but not those of 
Mrp2, Mrp3, Mrp4 or Mrp5, in rat brain microvessels [151]. 
However, no change was registered following this protocol 
on the P-gp protein expression or functional activity, as-
sessed by western blot and in situ brain perfusion, respec-
tively. Still, chronic treatment with morphine showed to in-
duce the expression of P-gp in the brain cortex and hippo-
campus, as evidenced at both mRNA and protein level [151]. 
These findings are in agreement with earlier results pre-
sented by Aquilante and colleagues [159]. One should note 
that these results were obtained from morphine-treated rats 

sacrificed 12h after the last dose of morphine. More recently, 
we evidenced that a 5-day subchronic morphine regimen was 
able to up-regulate not only P-gp, but also Bcrp 12h to 24h 
after the last dose of morphine, an effect that was not regis-
tered at earlier time-points of animal sacrifice (6h, 9h) [162]. 
This was confirmed at both mRNA and protein level. The 
peak of Abcb1a and Abcg2 mRNA induction was registered 
24h after the last dose of morphine, with a 1.4-fold and a 
2.4-fold increase, respectively. Similarly, P-gp and Bcrp 
protein levels were 1.5-fold and 1.6-fold increased 24h after 
the last dose of morphine [162]. Such up-regulation was, 
therefore, not registered during the treatment nor when the 
last dose of morphine was administered, but only several 
hours after. On the other hand, neither a single dose of  
morphine given in rats, nor the direct exposure of the 
hCMEC/D3 human brain endothelial cell line to morphine 
were able to modify the mRNA levels of Abcb1a/ABCB1 or 
Abcg2/ABCG2 [162]. This suggests that changes in the ex-
pression of these ABC transporters are more likely linked to 
a prolonged exposure to morphine, which may involve other 
cells of the neurovascular unit other than only endothelial 
cells, in a cell-cell interaction complex mechanism. Since 
morphine is a substrate of P-gp in both rodents and humans 
[47, 51, 63] and its chronic exposure up-regulates P-gp, 
morphine may thus play a role in its own brain-to-blood ac-
tive efflux at the BBB and potentiate its long-term poor brain 
penetration. However, it should not account for the devel-
opment of tolerance that occurs in the course of its chronic 
treatment since P-gp and Bcrp up-regulation was only ob-
served once the morphine treatment was suspended. Fur-
thermore, given that morphine is often co-administered with 
several anticancer drugs, the majority being substrates of 
both P-gp and BCRP, the modulation of such ABC trans-
porters at the BBB triggered by morphine may be hypothe-
sized to modify the efflux, distribution and efficacy of these 
chemotherapeutic agents and, thus, cancer therapy. 

 Morphine is not the only opioid that has shown to modu-
late the expression of ABC transporters, namely that of P-gp. 
Oxycodone has also demonstrated to induce P-gp up-
regulation, upon a chronic regimen where rats developed 
tolerance to oxycodone [101]. In this study, it was shown 
that oxycodone altered paclitaxel tissue distribution, and thus 
its pharmacokinetic parameters through an increase in P-gp 
expression, since this anti-cancer drug is also P-gp substrate 
[101]. Furthermore, chronic exposure to oxycodone not only 
showed to up-regulate P-gp, but also Bcrp at the rat BBB, 
affecting the brain-to-blood Bcrp-mediated transport of its 
substrates [163]. Oxymatrine, in turn, showed to abolish the 
morphine-induced up-regulation of P-gp at the BBB [164], 
which attenuated the development of tolerance to morphine. 
Therefore, upon chronic administration, both morphine and 
oxycodone showed to up-regulate P-gp and BCRP at the 
BBB, which can have an impact not only on the brain con-
centrations of both opioids, exacerbating tolerance and com-
promising their central analgesic effects, but also on the 
brain concentrations of the remarkable number of P-gp and 
BCRP substrates that constitute CNS-acting drugs, and thus 
contribute to pharmacoresistance. 

 On the other hand, in vitro studies indicate that metha-
done may exert P-gp inhibitory properties. The first demon-
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stration of the interaction of methadone with P-gp activity 
was evidenced through the decrease of transport of vin-
blastine in chinese hamster ovary P-gp-expressing cells [45]. 
This was later corroborated in Caco-2 cells and in HEK293-
MDR1 transfected cells, where methadone contributed to the 
inhibition of the P-gp-mediated transport of rhodamine123 
and calcein-AM [96, 109]. Conversely, methadone was not 

shown to affect the transport activity of BCRP in vitro [96]. 
More recently, in Flp-In™-293 cells stably transfected with 
various genotypes of human P-gp, methadone showed to be a 
non-competitive inhibitor of human wild-type P-gp, as well 
as the variant-type human P-gp, under methadone therapeu-
tic range [165]. Nonetheless, this P-gp inhibition effect  
remains to be demonstrated in vivo. 

Table 2. Experimental models exposed to different opioid treatments and consequent effects on the expression levels of ABC trans-
porters in the brain. 

Experimental Model Opioid Treatment Washout Methodologies Effect on ABC Transporters Refs. 

Adult Sprague Dawley 
rats, whole brain  

homogenates 
Morphine 

10-20 mg/kg s.c., 
2x/day, 5 days 12h WB 2-fold P-gp up-regulation [159] 

Adult CF-1 mice, whole 
brain homogenates 

Morphine 
10-30 mg/kg s.c., 

3x/day, 3 days 
24h WB 1.4-fold P-gp up-regulation [160] 

Mouse fibroblast  
NIH-3T3 cell line 

Morphine 72h incubation - WB P-gp up-regulation [161] 

Primary human brain 
microvessel  

endothelial cells 
Morphine 

48h incubation,  
100 nM 

- RT-PCR 1.4-fold ABCB1 up-regulation [150] 

Adult Sprague  
Dawley rats, brain  
microvessels, whole 

brain cortex, and  
hippocampus 

Morphine 
10-40 mg/kg i.p., 

2x/day, 5 days 
12h RT-PCR, WB 

1.38-fold, 1.44-fold and 1.58-fold 
up-regulation of Abcb1a Abcg2 
and Abcc1 in brain microvessels 
1.4-fold and 1.8-fold P-gp up-

regulation in whole brain cortex 
and hippocampus, respectively 

[151] 

Adult Sprague Dawley 
rats, brain microvessels Morphine 

10-40 mg/kg i.p., 
2x/day, 5 days 24h RT-PCR, WB 

1.4-fold and 2.4-fold Abcb1a and 
Abcg2 up-regulation 

1.5- and 1.6-fold P-gp and Bcrp 
up-regulation 

[162] 

Adult Sprague Dawley 
rats, brain microvessels 

Morphine 10 or 40 mg/kg i.p. 
3h, 6h or 

24h 
RT-PCR 

No effect in Abcb1a nor Abcg2 
levels 

[162] 

Adult Sprague Dawley 
rats, brain microvessels 

Morphine 

10-40 mg/kg i.p., 
2x/day, 5 days, 

naloxone  
1 mg/kg s.c. 

12h 
RT-PCR, WB, 
UPLC-MS/MS 

1.4-fold and 2.5-fold Abcb1a and 
Abcg2 up-regulation 

No effect on P-gp and Bcrp  
protein levels 

[179] 

Adult Sprague Dawley 
rats, brain microvessels 

Morphine 

10 mg/kg s.c., 
2x/day, 5 + 3 days, 

naloxone  
1 mg/kg s.c. 

4h 
RT-PCR, WB, 
UPLC-MS/MS 

1.4-fold and 2.3-fold Abcb1a and 
Abcg2 up-regulation 

No effect on P-gp and Bcrp  
protein levels 

[179] 

Adult Sprague Dawley 
rats, brain microvessels Morphine 

0.65 mg.kg−1.h−1 i.v. 
infusion, 5 days None 

WB, UPLC-
MS/MS 

No effect on P-gp and Bcrp  
protein levels [179] 

Human brain micro- 
vessel endothelial cell 

line hCMEC/D3 
Morphine 

24h incubation, 
0.01, 0.1,  

1, or 10 µM 
- RT-PCR 

No effect in ABCB1 nor  
ABCG2 levels 

[162] 

Adult Sprague Dawley 
rats, several organs 

Oxycodone 
5 mg/kg i.p., 

2x/day, 8 days 
Presuma-
bly 12h 

WB 

2.0-fold, 4.0-fold,  
1.6-fold, and 1.3- 

fold P-gp up-regulation in intes-
tine, liver, kidney, and brain 
homogenates, respectively 

[101] 

Adult Sprague Dawley 
rats, whole brain  

homogenates 
Oxycodone 

15 mg/kg i.p., 
2x/day, 8 days 

12h RT-PCR, WB 
2.1-fold Abcg2 up-regulation 
1.8-fold Bcrp up-regulation 

[163] 
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 Even though the MRP transporter sub-family has been 
linked to the transport of opioids, notably in the transport of 
the glucuronide metabolites of morphine and oxymorphone, 
little evidence of the influence of opioid exposure on the 
modulation of their expression at the BBB level is available. 
Still, as previously mentioned, morphine given for 5 days 
produced an increase of the Mrp1 mRNA levels in rat brain 
microvessels [151], evidencing once again an effect of a sub-
strate-transporter interaction on the regulation of ABC trans-
porters. The consequences of opioid exposure on the levels 
of ABC transporters at the BBB known up to date are sum-
marized in Table 2. 

3.2. Mechanism of Regulation of ABC Transporters at 
the BBB by Morphine 

 Many studies have identified some of the signaling path-
ways and regulatory networks that control the expression of 
ABC transporters, and several of them have been identified 
at the BBB, particularly for P-gp. Such studies evidenced 
that ABC transporter expression and activity at the BBB can 
be altered by multiple factors, including disease, stress, diet, 
therapy and toxicant exposure [166, 167]. Yet, until very 
recently, the mechanism by which a chronic morphine treat-
ment can lead to P-gp and Bcrp up-regulation remained un-
explored and unknown. 

 Morphine withdrawal syndrome should be considered as 
a potential cause for P-gp and Bcrp regulation following a 
subchronic morphine treatment given that the up-regulation 
of these transporters was not registered in the course of the 
treatment with morphine, but only 12-24h after the last ad-
ministration of morphine [162]. Different studies have dem-
onstrated that morphine withdrawal symptoms start to appear 
as early as 12h, and evolve for the following 24-72h after the 
last dose of morphine [168, 169]. Spontaneous and naloxone-
precipitated morphine withdrawal showed to provoke an 
important increase on the extracellular glutamate levels in 
different brain regions in both rats and mice [170-172]. In 
turn, high levels of glutamate (50-100 μM) have shown to 
up-regulate both P-gp expression and activity in rodent brain 
microvessels through action on the NMDA receptor, and 
subsequent COX-2 activity [173-175]. When animals were 
exposed to either an NMDA receptor antagonist, MK-801, or 
to a COX-2 inhibitor, meloxicam, following a subchronic 
morphine protocol, P-gp and Bcrp up-regulation at the rat 
BBB was no longer seen, 24h after the last dose of morphine 
[162]. These results suggest that glutamate activity on NMDA 
receptors and COX-2 are implicated in the morphine-
dependent P-gp and Bcrp up-regulation. Furthermore, an up-
regulation of MRP expression and function at the BBB have 
been described in the context of epilepsy [176], such as 
MRP1 and MRP2, and similarly a glutamate-induced NMDA 
receptor/COX-2 signaling pathway was evidenced to con-
tribute to this regulation [177, 178]. Therefore, even though 
the mechanisms of an eventual up-regulation of Mrp1 ex-
pression following a subchronic morphine treatment [151] 
have not been explored so far, there is supporting evidence 
that a similar signaling pathway involving glutamate and NMDA 
receptors could be implicated, as for P-gp and BCRP. 

 Thus, the development of a morphine withdrawal is more 
likely to drive the modulation of the expression of P-gp, 

Bcrp and Mrp at the rat BBB, rather than a direct effect of 
morphine exposure. In line with this hypothesis, the effect of 
a naloxone-precipitated withdrawal on the P-gp and Bcrp 
contents at the rat BBB was investigated, following escalat-
ing or chronic morphine dose regimens, where it showed to 
increase Mdr1a and Bcrp mRNA levels by 1.4-fold and 2.4-
fold, respectively [179]. Such results are of similar magni-
tude to the previously obtained, during a spontaneous mor-
phine withdrawal [162]. However, P-gp and Bcrp up-
regulation was not confirmed at protein level [179]. P-gp or 
Bcrp transport activities at the rat BBB, analyzed by in situ 
brain perfusion, also remained unchanged, corroborating 
such findings. 

 Still, these studies evidence a potential role of morphine 
withdrawal, with the subsequent glutamate release, on the 
up-regulation of ABC transporters at the BBB. It is known 
that there are several signaling pathways implicated in the 
cellular regulation of P-gp and BCRP at the BBB [39]. Thus, 
P-gp and Bcrp up-regulation following a subchronic mor-
phine treatment may result from a sum of multiple mecha-
nisms and signaling pathways implicated in the modulation 
of both transporters at the BBB. The administration of LPS, 
for example, has shown to trigger cytokine-induced inflam-
mation and alter P-gp function in the brain, in both rats and 
mice [180, 181]. This is likely mediated by TLR4 receptors, 
since their activation leads to downstream production and 
release of pro-inflammatory cytokines like TNF-α and Il-1β, 
which in turn are among the most important inflammatory 
mediators that participate in the regulation of P-gp and Bcrp 
at the BBB [32, 182, 183]. In rat brain capillaries, a long-
term (> 6h) TNF-α exposure activates TNF-R1 and induces a 
series of cascade events that culminate in the activation of 
the transcription factor NF-κB, and subsequent increase of 
the expression and activity of P-gp [184, 185]. On the other 
hand, short-term exposure of isolated rat brain capillaries 
(1h) to TNF-α decreased P-gp activity without affecting its 
expression, while expression and activity of Bcrp and Mrp1 
remained unchanged [186, 187]. Thus, P-gp transport activ-
ity is reduced after short exposure to TNF-α but increased 
with longer exposure times, indicating a complex, time-
dependent regulatory mechanism [39, 187]. Accordingly, a 
recent study evidenced that seizure-induced P-gp overex-
pression occurs, at least partially, via activation of TLR4 and 
downstream activation of NF-κB in mouse brain microvas-
cular endothelial cells [188]. Up-regulation of P-gp involv-
ing the signaling agents LPS, TNF-α, TLR4 and NF-κB has 
been also described in other cell types [189-192], suggesting 
that TLR4 contributes to the modulation of P-gp expression 
and function. Since morphine has proven to trigger proin-
flammatory responses in TLR4-expressing non-neuronal 
cells, such as brain endothelial cells, via its interaction with 
TLR4 receptors [17], one may hypothesize that P-gp and 
Bcrp up-regulation in brain microvessel endothelial cells 
following a subchronic exposure to morphine also partly 
occurs as a result of the subsequent TLR4 activation and 
locally-induced inflammation. 

 It can be hypothesized that naloxone when used to pre-
cipitate opioid withdrawal interacted with non-opioid recep-
tors, such as the TLRs [179]. The opioid antagonist (-)-
naloxone and the non-opioid (+)-naloxone have been dem-
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onstrated to inhibit TLR4 signaling [15, 193], and naloxone 
has been used as a TLR4 inhibitor [190]. Thus, given the 
evidence that TLRs participate in the modulation of P-gp 
expression, and that TLR are expressed at the rat and human 
BBB [30, 32], in our previous study naloxone probably 
hampered P-gp and Bcrp up-regulation following subchronic 
morphine treatment [179]. 

 On the other hand, opioid chronic exposure and its with-
drawal produce an activation of COX-2 in the brain, given 
its implication in the up-regulation of P-gp, BCRP and 
MRP1 [151, 162, 175, 178]. Therefore, in addition to the fact 
that opioid agonists bind and activate TLRs, COX-2 activa-
tion may be another important consequence of chronic 
opioid administration, contributing to the triggering of in-

flammatory processes that limit opioid analgesic activity. 
Also, given that MRPs are known to transport both opioid 
and inflammatory mediators, such as eicosanoids, and that 
morphine may account for their modulation, this further sug-
gests a close correlation between opioid exposure, the devel-
opment of neuroinflammation, and the likely consequences 
on the expression of ABC transporters at the BBB. 

CONCLUSION 

 In conclusion, it is clear nowadays that ABC transporters 
present at the BBB, and mainly P-gp, have an important im-
pact on the pharmacokinetics of opioids, their brain disposi-
tion and, consequently, on their CNS effects. In turn, opioids 
are also capable to have an effect on BBB properties and to 

 

Fig. (1). Hypothetical regulation of P-gp and Bcrp expressions at the BBB following subchronic exposure to morphine, and presuma-
bly implicated signaling pathways. a) Implicated factors of signaling cascades activated during morphine-induced neuroinflammation or 
morphine withdrawal-provoked glutamate overshoot. b) Schematic representation of the implicated signaling pathways and BBB cellular 
environment that conduct to the regulation of P-gp and Bcrp expressions at the BBB following a subchronic exposure to morphine. Brain 
inflammation occurs in several conditions such as stroke, multiple sclerosis, Alzheimer’s and Parkinson’s diseases, and during morphine 
chronic exposure [17, 158]. Morphine activates TLR4 receptors with subsequent release of pro-inflammatory cytokines [17], such as TNF-α, 
which influences P-gp and Bcrp expressions at the BBB via a signaling pathway involving TNF-α receptor 1 (TNF-R1), endothelin-
converting enzyme (ECE), endothelin-1 (ET-1), endothelin A and B receptors (ETA/B), nitric oxide synthase (NOS), protein kinase C 
(PKC), and nuclear factor-κB (NF-κB), as previously described [37, 158, 184]. During either morphine withdrawal or in the epileptic brain, 
high glutamate levels are found in the brain extracellular fluid [170-172, 194], which induce overexpression of P-gp and Bcrp at the BBB in 
endothelial cells by an NMDA receptor and COX-2-dependent mechanism [162, 174, 175, 179, 195]. 
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promote neuroinflammation by a TLR-dependent pathway, 
which may involve mainly glial cells but also brain capillary 
endothelial cells. Such brain-related opioid effects likely 
have consequences particularly at the level of the expression 
of ABC transporters at the BBB. Therefore, opioid-induced 
up-regulation of ABC transporters, namely that of P-gp, may 
contribute to the development of tolerance to the antinoci-
ceptive effects of these drugs, as well as it may render more 
difficult the brain penetration of drugs which have a central 
effect and are also substrates of these transporters, such as 
some antidepressants, antipsychotics, anti-epileptic and brain 
anti-cancer drugs. Even though the mechanisms are still not 
fully understood, the mechanisms by which morphine and 
opioid withdrawal, following a chronic exposure may up-
regulate the expression of P-gp and BCRP at the BBB can be 
summarized (Fig. 1) presently in two essential signaling 
pathways: a first one involving glutamate release, NMDA-
receptor and COX-2 activation, and a second one signaling 
through TLR4 activation and subsequent development of 
neuroinflammation and activation of NF-κB. 

LIST OF ABBREVIATIONS 

ABC = ATP-binding cassette 
BBB = blood-brain barrier 
BCRP = breast cancer resistance protein 
CNS = central nervous system 
LPS = lipopolysaccharide  
M3G = morphine-3-glucoronide 
M6G = morphine-6-glucoronide 
MRP = multidrug resistance-associated protein 
P-gp = P-glycoprotein 
SNP = single nucleotide polymorphism  
TLR = toll-like receptor  
TNF-α = tumor necrosis factor-α  
6-MAM = 6-monoacetyl-morphine 
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